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Abstract

This study examines the effects of bottleneck congestion and an optimal time-varying con-
gestion toll on the spatial structure of cities. We develop a model in which heterogeneous
commuters choose departure times from home and residential locations in a monocentric city
with a bottleneck located between a central downtown and an adjacent suburb. We then demon-
strate that commuters sort themselves temporally and spatially on the basis of their value of
travel time and their flexibility. Furthermore, we reveal that introducing an optimal congestion
toll alters the urban spatial structure. We further demonstrate using an example that congestion

tolling can lead to urban sprawl, which helps rich commuters but hurts poor commuters.
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1 Introduction

Traditional residential location models describe the spatial structures of cities and their evolution
based on the trade-off between land rent and commuting costs (Alonso, 1964; Mills, 1967; Muth,
1969). Traditional and subsequent studies have successfully predicted the empirically observed
patterns of residential location (e.g., spatial distribution of rich and poor) and the effects of
assorted urban policies.! However, most previous studies describe traffic congestion using static
flow congestion models. Their use renders these models inappropriate for dealing with peak-
period traffic congestion and for examining the effects of measures intended to alleviate it (e.g.,
time-varying congestion tolls, flextime, staggered work hours).

The bottleneck model most successfully describes peak-period congestion and how com-
muters choose their departure times from home (Vickrey, 1969; Hendrickson and Kocur, 1981;
Arnottetal., 1990b, 1993). Its simple, effective framework for studying the efficacy of various mea-
sures to alleviate peak-period congestion has inspired numerous extensions and modifications.
However, only Arnott (1998), Gubins and Verhoef (2014), and Fosgerau et al. (2016) developed
models to describe how commuters choose where they live and when they depart from home.

Arnott (1998) considered a (discrete space) monocentric closed city comprising two areas—a
downtown and a suburb—connected by a single road with a bottleneck. He showed thatimposing
an optimal congestion toll without redistributing its revenues affects neither commuting costs
nor commuters’ residential locations. Gubins and Verhoef (2014) considered a (continuous space)
monocentric closed city with a bottleneck at the entrance to its central business district (CBD).
Their model introduced an incentive for commuters to spend time at home, which the standard
bottleneck model disregards,? and assumed that a commuters’ house size affects their marginal
utility of spending time at home. They demonstrated that congestion tolling causes commuters
to spend more time at home and to have larger houses, leading to urban sprawl. Fosgerau
et al. (2016) developed a model similar to that of Gubins and Verhoef (2014). Unlike Gubins and
Verhoef (2014), Fosgerau et al. (2016) did not introduce the assumption that the marginal utility
of spending time at home depends on house size and considered a monocentric open city. They
defined the social optimum as the global maximizer of total revenue from congestion tolling and
land rents and showed that the optimal policy induces lower density in the center and higher
density farther out.

The results obtained by Arnott (1998), Gubins and Verhoef (2014), and Fosgerau et al. (2016)
differ fundamentally from the results given by traditional models with static flow congestion,
which predict that cities become denser with congestion pricing (Kanemoto, 1980; Wheaton, 1998;
Anas et al., 1998). Their models, however, assumed that commuters are homogeneous, although
it has been established that optimal congestion tolling changes commuting costs in bottleneck
models with heterogeneous commuters (Arnott et al., 1992, 1994; van den Berg and Verhoef, 2011).
That is, the effects of congestion tolling in the bottleneck model with heterogeneous commuters

can fundamentally differ from those in models with homogeneous commuters.

1Fujita (1989), Glaeser et al. (2008), Fujita and Thisse (2013), and Duranton and Puga (2015) provided detailed overviews
of traditional residential location models. For the effects of congestion pricing, see Kanemoto (1980), Wheaton (1998),
and Anas et al. (1998). Recently, Brueckner (2007), Anas and Rhee (2007), Joshi and Kono (2009), Kono et al. (2008); Kono
and Joshi (2012), and Pines and Kono (2012) showed the efficiency of urban policies to substitute for congestion pricing
(urban growth boundary, floor-to-area ratio regulations).

2Vickrey (1973), Tseng and Verhoef (2008), Fosgerau and Engelson (2011), Fosgerau and de Palma (2012), Fosgerau
and Lindsey (2013), and Fosgerau and Small (2014) considered the utility of spending time at home.



This study extends the model developed by Arnott (1998) to consider commuter heterogeneity
and a continuous space monocentric city with a bottleneck located between a central downtown
and an adjacent suburb.®> We systematically analyzed our model using the properties of com-

plementarity problems that define the equilibrium.*

Our analysis shows that commuters sort
themselves both temporally and spatially on the basis of their value of time and their flexibility:
commuters with a higher time-based cost per unit schedule delay (marginal schedule delay cost
divided by marginal travel time cost) arrive at work earlier; commuters with a higher value of
travel time and a higher marginal schedule delay cost live closer to their workplace.

This study also investigates the effects of an optimal time-varying congestion toll on the
spatial distribution of commuters. We show that introducing a congestion toll (with and without
redistributing its revenues) changes commuters’ commuting costs, thereby altering their spatial
distribution. To demonstrate the effects of congestion tolling concretely, we also analyzed the
model for a case in which commuters with a high value of travel time have a higher time-based
cost per unit schedule delay.® This analysis indicates that congestion tolling causes urban sprawl
and induces higher density and land rent at suburban locations and lower density and land
rent at downtown locations. This finding is not merely inconsistent with the standard results
of traditional location models, but it also contradicts those of Arnott (1998). This implies that
interactions among heterogeneous commuters change the effects of congestion tolling on urban
spatial structure. We further show that, although the optimal congestion toll (without toll-revenue
redistribution) generates a Pareto improvement in this case if commuters do not relocate (Arnott
et al., 1994; Hall, 2015), it leads to an unbalanced distribution of benefits: commuters with a high
value of time (rich commuters) gain, whereas those with a low value of time (poor commuters)
lose from tolling.

This study proceeds as follows. Section 2 presents a model in which heterogeneous commuters
choose their departure times from home and residential locations in a monocentric city. Sections
3 and 4 characterize equilibrium in our model without and with tolling using the properties of
complementarity problems, respectively. Section 5 presents the effects of the optimal time-varying
congestion toll. Section 6 concludes the study.

2 The model

2.1 Assumptions

We consider a long narrow city with a spaceless CBD, where all job opportunities are located.
The CBD is located at the edge of the city, and a residential location is indexed by distance x from
the CBD (Figure 1). Land is uniformly distributed with unit density along a road. As is common
in the literature, the land is owned by absentee landlords.® The road has a single bottleneck with
capacity p atlocation d > 0. If arrival rates at the bottleneck exceed its capacity, a queue develops.

3We do not introduce the utility of spending time at home.

4As we show in Appendix A, the equilibrium defined by the complementarity problems coincides with that obtained
by the traditional bit-rent approach (Alonso, 1964; Fujita, 1989; Duranton and Puga, 2015).

5This case includes situations analyzed in the literature employing bottleneck models and commuter heterogeneity
(Arnott et al., 1992, 1994; van den Berg and Verhoef, 2011).

®We can make the alternative assumption that land is publicly owned and that the aggregate land rent is equally
redistributed to all commuters. The results under this assumption are essentially identical to those obtained with
absentee landlords since we assume that the utility function u is quasi-linear (i.e., income elasticity of demand for land is
Z€ro).
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Figure 1: Long narrow city

To model queuing congestion, we employ first-in-first-out (FIFO) and a point queue, in which
vehicles have no physical length as in standard bottleneck models (Vickrey, 1969; Arnott et al.,
1993). Free-flow travel time per unit distance is assumed to be constant at 7 > 0 (i.e., free-flow
speed is 1/1).

There are I types of commuters, each of whom must travel from home to the CBD and who have
the same preferred arrival time t* at work. The number of commuters of typei € 7 ={1,2,--- 1},
whom we call “commuters 7,” is fixed and denoted by N;. Since the bottleneck is located at d,
only commuters who reside at x > d pass through it, whereas those who reside at x € [0,d] do
not. Following Arnott (1998), we denote locations X* = {x € R, | x > d} as “suburb” and locations
X ={xeR, |xe0,d] as “downtown.” We denote the number of commuters i in the suburb
and downtown by N and NY(= N; — N¢), respectively. If d is sufficiently large, all commuters
reside downtown and no commuter traverses the bottleneck. Because we are uninterested in that
case, d is assumed to be small, such that } ;. N} > 0.

Commuting cost c;(x, t) of commuters i who reside at x and arrive at work at time £ is expressed

as the sum of travel time cost m;(x, t) and schedule delay cost s;(t — t*):

Ci(x/ t) = mi(xl t) + Si(t - t*)/ (1a)
aTX if xeXf,

i, ) = (1b)
ai{q(t) +x} if xe X5,

B GED R IS
yilt—t) if t>1,

si(t —t) (1c)

where ¢(t) denotes the queuing time of commuters arriving at work at time ¢, Tx represents free-
flow travel time of commuters residing at x, and «; > 0 is the value of travel time of commuters i.
Bi > 0 and y; > 0 are early and late delay costs per unit time, respectively. We assume «; > f; for
all i € 7 so that an equilibrium in our model satisfies the FIFO property (i.e., vehicles must leave
the bottleneck in the same order as their arrival at the bottleneck). We also assume the value of
travel time a; of commuters i is positively correlated to their income w;.

The utility of commuters i who reside at x and arrive at work at time £ is given by the following

quasi-linear utility function’:

u(zi(x, 1), ai(x)) = zi(x, t) + f(ai(x)), @

where z;(x, t) denotes consumption of the numéraire goods, a;(x) is the lot size at x, and f(a;(x))

7 As Arnott (1998) proved, if commuters are homogeneous, congestion tolling does not affect their spatial distribution
under a quasi-linear utility function (2).



is the utility from land consumption. We assume f(x) is a strictly increasing, concave, and
twice differentiable function for x > 0. We also assume lim, o, f’(x) = co. The logarithmic
(f(x) = xIn[a]) and the hyperbolic (f(x) = —3) utility functions are examples satisfying these
assumptions.® The budget constraint is expressed as

wi = zi(x, £) + {r(x) + ra}ai(x) + ci(x, t), ®)

where 15 > 0 is exogenous agricultural rent and r(x) + 74 denotes land rent at x.
The first-order condition of the utility maximization problem gives

faix) =r(x) +ra if ai(x)>0,
f@ix) <r(x) +ra if a;(x) =0,

4)

where the prime denotes differentiation. Since the marginal utility of land consumption is infinity
at a;(x) = 0, we must have a;(x) > 0 and

ai(x) = g(r(x) +ra), 5)

where g(:) is the inverse function of f’(-). This implies that lot size a;(x) is independent of
commuters’ type i as well as commuting cost (and congestion toll levels) c;(x, t). Therefore, we
denote lot size at x by a(x).

From (2), (3), and (5), we obtain the indirect utility v;(x, t) as follows:

vi(x, t) = w; — ci(x,t) + H(r(x) +ra), (6)

where H(r) = f(g(r)) — rg(r). Because H(r(x) + r4) can be rewritten as f(a(x)) — {r(x) + ra}a(x), this
represents net utility from land consumption at x. Furthermore, since H'(r(x)+r4) = —g(r(x)+74) <
0, H(") is a strictly decreasing function.

2.2 Equilibrium conditions

Similar to models in Peer and Verhoef (2013), Gubins and Verhoef (2014), and Takayama (2015), we
assume commuters make long-run decisions about residential location and short-run decisions
about day-specific trip timing. In the short run, commuters i minimize commuting cost ¢;(x, t) by
selecting their arrival time ¢ at work taking their residential location x as given. In the long run,
each commuter i chooses a residential location x so as to maximize his/her utility. We therefore

formalize the short- and long-run equilibrium conditions.

2.2.1 Short-run equilibrium conditions

Commuters in the short run determine only their day-specific arrival time ¢ at work, which
implies that the number N;(x) of commuters i residing at x (i.e., spatial distribution of commuters)
isassumed tobe a given. Since commuting costs are given by (1), short-run equilibrium conditions
differ according to commuters’ residential locations. We first consider commuters residing in the

suburb (suburban commuters), who must traverse the bottleneck. The commuting cost c;(x, t) of

8The same utility function has been introduced by, e.g., Blanchet et al. (2016) and Akamatsu et al. (2017).



suburban commuters i consists of a cost a;7x of free-flow travel time depending only on residential
location x and a bottleneck cost ¢! (f) owing to queuing congestion and a schedule delay depending

only on arrival time #:

ci(x, t) = ayTx + cf ), (7a)

(b = aiq(t) +si(t — £). (7b)

This implies that each suburban commuter chooses arrival time ¢ so as to minimize bottleneck cost
Cf?(t). Therefore, short-run equilibrium conditions coincide with those in the standard bottleneck

model, which are given by three conditions:

ns(t) {c?(t) - cf’} =0

Viel, (8a)
ni(t) 20, ch(t)—c* >0
gt {1 = Lier m(®)} =0 iR, )
q(t) 20, p— Ygerm(H) 20
f@mw:m Viel, (8¢)

where 7(t) denotes the number of suburban commuters i who arrive at work at time £ (i.e., arrival
rate of suburban commuters i at the CBD) and ¢/ is the short-run equilibrium bottleneck cost of
suburban commuters i.

Condition (8a) represents the no-arbitrage condition for the choice of arrival time. This
condition means that, at the short-run equilibrium, no commuter can reduce the bottleneck cost
by altering arrival time unilaterally. Condition (8b) is the capacity constraint of the bottleneck,
which requires that the total departure rate Y7 7(f) at the bottleneck® equals capacity u if there
is a queue; otherwise, the total departure rate is (weakly) lower than p. Condition (8c) is flow
conservation for commuting demand. These conditions give ni(f), q(t), and C?* at the short-run
equilibrium as functions of the number N* = [N?] of suburban commuters i € 7. This implies
that, at the short-run equilibrium, the bottleneck cost of suburban commuters i depends on IN°*
but not on N(x).

We next consider commuters who reside downtown (downtown commuters). Since these

commuters do not traverse the bottleneck, their commuting cost c/(x, t) is expressed as
c(x,t) = ajTx + si(t — t). 9)

Thus, all downtown commuters will arrive at t = ¢, and their commuting cost at the short-run
equilibrium is given by a;tx.

2.2.2 Long-run equilibrium conditions

In the long run, each commuter i chooses a residential location x so as to maximize indirect utility
v;(x), which is expressed as

0i(x) = yi(x) + H(r(x) + 4), (10a)

9Note that the departure rate from the bottleneck coincides with the arrival rate of suburban commuters at the CBD.



Wi — a;TX — cf*(Ns) if xeXs,

yilx) = (10b)

w; — A;TX if xeXd,

where y;(x) denotes the income net of commuting cost earned by commuters i residing at x. Thus,

long-run equilibrium conditions are given by
Ni(x) {0} - vi(x)} = 0
Ni(x) >0, U’; —vi(x) >0

(%) {1 = Yger a()N(x)} =0
r(x) 20, 1= Yyer a(x)Ni(x) > 0

VxeR,, Viel, (11a)

VxeR,, (11b)

f Nix)dx=N; Viel, (11c)
0

where v} denotes the long-run equilibrium utility of commuters i.

Condition (11a) is the equilibrium condition for commuters’ choice of residential location.
This condition implies that, at the long-run equilibrium, no commuter has incentive to change
residential location unilaterally. Condition (11b) is the land market clearing condition. This
condition requires that, if total land demand } ;.7 a(x)N(x) for housing at x equals supply 1, land
rent 7(x) + 4 is (weakly) larger than agricultural rent . Condition (11c) expresses the population
constraint.

Note that the traditional bid-rent approach (Alonso, 1964; Fujita, 1989; Duranton and Puga, 2015) is
equivalent to our approach using complementarity problems, as shown in Appendix A. More precisely,
long-run equilibrium conditions (11) coincide with those of the bid-rent approach.!® Therefore,
even if we used the traditional bid-rent approach, we would obtain the same results as those
presented in this study.

Substituting (5) into (11b), we obtain r(x) as follows:

flas) i fk) 2,

(12)
ra if fl(ﬁ) < 7a,

r(x) +ra =

where N(x) = Y7 Ni(x) represents the total number of commuters residing at x. It follows from
(10a) and (12) that the equilibrium conditions in (11) are rewritten as (11a) and (11c) with (10a)
and

yi) +hN() i f(5) 2 7a,

vi(x) = (13a)
yi) +H(ra)  if  f(x) S 7a,
hN@) = H(f (5@) = f(xw) — vof (@) (13b)

where h(N(x)) = H(r(x)+r4). Since i’ (N(x)) = N(lx)3 f ”(ﬁ) < 0, h(-)is a strictly decreasing function;

that is, the net utility from land consumption decreases as the number of residents increases.
To study the spatial distribution of commuters, it is useful to rewrite the equilibrium conditions

10The equivalence between the bid-rent and our approaches has been shown in Fujita (1989, Chapter 2).



(11a) and (11c) as follows:

Ni(x) {vf-*(Ns) - v;(x)} =0

Vxe X°, Viel, (14a)
Ni(x) 2 0, v7"(N®) = vi(x) 2 0
f Nix)dx=N;  VielT, (14b)
d
Ni(x) {o™*(NY) — vd(x)} = 0
(){,( ) '()} Vyxe X!, Viel, (14¢)
Ni(x) > 0, v¥(N?) — v4(x) > 0
d
f Nix)dx=N?  Viel, (14d)
0
v*(N9) > o*(N®) if Ni>0
! ! ! Yie T, (14e)
o™ (N <o(N®) if Ni>0
NI+N;=N; Viel, (14f)

where v¥*(IN*) and vf*(N ) denote the utilities that commuters i receive from residing in the
suburb and downtown, respectively.

Conditions (14a) and (14b) are equilibrium conditions for suburban commuters’ choice of resi-
dential location x. Similarly, conditions (14c) and (14d) are those for downtown commuters’ choice
of residential location x. Conditions (14e) and (14f) are equilibrium conditions for commuters’
choice between residing in the suburb and downtown. We use these conditions to characterize
the equilibrium spatial distribution of commuters in Section 3.

3 Equilibrium

3.1 Short-run equilibrium

The short-run equilibrium conditions (8) of suburban commuters coincide with those in the
standard bottleneck model, as shown above. Therefore, we can invoke the results of studies
utilizing the bottleneck model to characterize the short-run equilibrium (Arnott et al., 1994;
Lindsey, 2004; Iryo and Yoshii, 2007; Liu et al., 2015). In particular, the following properties of
the short-run equilibrium are useful for investigating the properties of our model.

Lemma 1 (Lindsey, 2004; Iryo and Yoshii, 2007).
(i) The short-run equilibrium bottleneck cost c?*(IN*) is uniquely determined.

(ii) The short-run equilibrium number [n;*(t)] of suburban commuters arriving at time t coincides with
the solution of the following linear programming problem:

. si(t — t°)
min
[n5(1)] [2%}

ni(t)dt st op- Z () > 0, f ni(t)dt = N, (15)

kel

Let us define (travel) time-based cost as the cost converted into equivalent travel time. Since
that cost for commuters i is given by dividing the cost by «;, we say that s;(t — t*)/a; represents
the time-based schedule delay cost of commuters i. Therefore, Lemma 1 (ii) shows that, at the
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Figure 2: An example of cumulative arrival and departure curves at the short-run equilibrium

short-run equilibrium, the total time-based schedule delay cost is minimized, but the total schedule
delay cost is not necessarily minimized.

We let supp (1)) = {t € Ry | nj*(t) > 0} be the support of the short-run equilibrium number
1¥*(t) of suburban commuters i who arrive at work at t. From Lemma 1 (ii), we then have

supp (Lier 1) = [t°, 1], (16)
where t£ and * denote the earliest and latest arrival times of commuters, which satisfy

-+ N;
tE+—27€; . (17)

i’L_

This indicates that, at the short-run equilibrium, a rush hour in which queuing congestion occurs
must be a single time interval (Figure 2).

Furthermore, by using short-run equilibrium condition (8a), we obtain
) + c?(t]-) < () + c?(tl-) Vi; € supp (1}"), t; € supp (n7). (18)

Substituting (7) into this, we have the following conditions as given in Arnott et al. (1994) and
Liu et al. (2015): for any ¢; € supp ("), t; € supp (nj.*), and i, je 7,

Bi  Bj . .
(;i - oz_j (ti - t]-) >0 if maxt; tj} <t (19a)
Yi Vi . . *
(;i — a_j)<ti - tj) <0 if minf{t;, t;} >t (19b)

These conditions indicate that the short-run equilibrium has the following properties: if
marginal time-based early delay cost of commuters i is lower than that of commuters j (ie.,
Bi/ai < Bj/aj), early-arriving commuters i (commuters i arriving at the CBD before the preferred
arrival time #*) arrive at the CBD earlier than early-arriving commuters j; if the marginal time-
based late delay cost of commuters i is lower than that of commuters j (i.e., yi/a; < Vi / oz]-), late-
arriving commuters i (commuters i arriving after ¢) arrive later than late-arriving commuters j.
This occurs because commuters with a lower time-based schedule delay cost avoid queuing time
rather than a schedule delay. This result shows that, at the short-run equilibrium, commuters sort



themselves temporally on the basis of their marginal time-based schedule delay cost.

In the following analysis, we make the following assumption about marginal early and late
delay costs, which is common to the literature employing a bottleneck model with commuter
heterogeneity (Vickrey, 1973; Arnott et al., 1992, 1994; van den Berg and Verhoef, 2011; Hall,
2015).

Assumption 1. & =n forallie€ 1.

This assumption implies that commuters with a high early delay cost also have a higher late delay
cost. Therefore, commuters are heterogeneous in two dimensions: the value of travel time «; and
marginal schedule delay cost ; ().

For convenience, we call commuters with a high (low) value of travel time “rich (poor) com-
muters.” We call commuters with a low (high) marginal schedule delay cost “flexible (inflexible)
commuters.” We can then say from (19) that richer or more flexible commuters prefer to arrive
further from their preferred arrival time ¢* to avoid queuing.

Under Assumption 1, we can explicitly obtain the short-run equilibrium bottleneck cost as a
function of the number N* = [N?] of suburban commuters i. For the moment, we assume, without
loss of generality, that commuters with small i have a (weakly) higher time-based schedule delay
cost:

. Bi1 _ Bi .
Assumption 2. ﬁ 2 & foranyie I'\{1}.

Then, from (19), early-arriving (late-arriving) commuters with smaller 7 arrive later (earlier) at
the short-run equilibrium. Under Assumptions 1 and 2, therefore, the short-run equilibrium
bottleneck cost cf*(N *) of suburban commuters i is derived by following the procedure employed
in literature featuring bottleneck models with commuter heterogeneity (see, e.g., van den Berg
and Verhoef, 2011):

Zk 1 ! Br N}
b ) Z _k 1
;" (IN¥) 1+77{ﬁ1 +a, @ T Viel. (20)

k=i+1

This clearly shows that richer or more inflexible commuters incur higher bottleneck costs at the
short-run equilibrium.
Properties of the short-run equilibrium obtained above can be summarized as follows.

Proposition 1. The short-run equilibrium has the following properties.
(i) Total time-based schedule delay cost is minimized.

(ii) Early-arriving commuters arrive at work in order of increasing marginal time-based early delay cost
(Bi/ai). Late-arriving commuters arrive at work in order of decreasing marginal time-based late
delay cost (yi/a;).

(iii) The short-run equilibrium bottleneck cost cf*(N *) of commuters i is uniquely determined. Further-
more, if Assumptions 1 and 2 hold, c*(IN*) is given by (20).

10



3.2 Long-run equilibrium
3.2.1 Suburban and downtown spatial structures

We first examine the properties of suburban and downtown spatial structures at the long-run
equilibrium using the properties of equilibrium conditions (14a), (14b), (14c), and (14d). We
therefore consider in this subsection that the suburban and downtown populations are given.
From equilibrium conditions (14a) and (14c), we see there is no vacant location between any two
populated locations, as shown in Lemma 2.

Lemma 2. Thelong-run equilibrium number N*(x) of commuters residing at x has the following properties:
(i) the support of N*(x) is given by
supp (N*) = [0, X"], (21)
where X® denotes the residential location for commuters farthest from the CBD (city boundary).

(ii) N*(x) satisfies

(@) > Yxesupp (N\(XP), (22a)
f () = 7 (22b)
Proof. See Appendix B. ]

Let N7*(x) and Nf*(x) be the respective long-run equilibrium number of suburban and down-
town commuters i residing at x. Then, it follows from Lemma 2 that, for any x} € supp (N:*) and
x! € supp (N*), indirect utilities v}(x{) and v(x?) are expressed as

vi(x5) = w; — (V) — aytxs + h(N(x)), (23a)
() = w; — a;Td + W(N()). (23b)

In addition, equilibrium conditions (14a) and (14c) give the following conditions for N:*(x) and
N f" (%):
v3(x}) + v;(xj.) > v} (x‘;i) + vj.(x?) Vx; € supp (N7"), \/xj’. € supp (N;*), Vi,jel, (24a)
o () + v;‘.(x;l) > vf(xj?) + v;’ (xf)  Vx! € supp (N, Vx;l € supp (N;’*), Vi, jel. (24b)

Substituting (23) into (24) yields the following conditions: for any x; € supp (N;"), x; € supp (N;*),
andi,je 7,

(ai - a]-) (x,- - X]‘) <0. (25)

This condition also holds for any x; € supp (N¥), x; € supp (N?*), andi, je .

This condition states that richer suburban commuters reside closer to the CBD to reduce their
free-flow travel time cost. This property also holds for downtown commuters. This implies that
suburban and downtown commuters sort themselves spatially on the basis of their value of travel time.

11



Furthermore, spatial distribution of suburban commuters and that of downtown commuters are
unaffected by the short-run equilibrium bottleneck cost Cf*(N %).

In our model, the free-flow travel time cost is more income elastic than the demand for land
since we assume that the income elasticity of demand for land is zero. Therefore, this result
is in accordance with the standard result of traditional location models, which show that rich
commuters reside closer to the CBD if the income elasticity of commuting costs is larger than the
income elasticity of demand for land.

By using condition (25), we can obtain the spatial distribution of commuters N(x), land rent
r(x), and lot size a(x). For this, we introduce the following assumption.!!

Assumption 3. a;_1 > a; forallie I\(1}.

This means that commuters with small 7 are richer than those with large i.
Let X{ and X¢ denote the respective locations for suburban and downtown commuters i

residing nearest the CBD. It follows from (25) and Assumption 3 that suburban and down-

town commuters i reside in [X?, X7 ;] and [X ‘ +1] respectively (i.e., supp (N7") = [X;, X}, ;] and
supp (N%) = [X7, X% ]for alli € T). Therefore, we have
v} (x) = v} (X5) Vx € [X;, X541, (26a)
W) =X VxelX), X1 (26b)

These, together with the population constraints (14b) and (14d), lead to the following lemma.

Lemma 3. Suppose Assumption 3. Then the long-run equilibrium land rents at locations X; and X¢ are

given by
1 1
r(X;)+ra=ra+ Z axTN;, r(Xf) +ra=r(d)+7rs + Z atN?, 27)
k=i k=i
where r(d) + 14 is the land rent at location d.
Proof. See Appendix C. o

Substituting (27) into (26), we obtain X? and X;.i as follows.

i-1
1
=d+ Z a H(rA + Zk j+1 TN}) — H(ra + Zk ]OfkTNS)} (28a)
]:
i—1 1
x4 = Z — {H(r(d) + 74 + Liejy TN — Hr(d) + 74 + Diej TN (28b)
]

=1

Recall that H(r) = f(g(r)) —rg(r), and thus h(N(X?)) = H(r(X?) + r4). Land rent r(d) + r4 at location

d is obtained from the following condition:

rd){d-xi, ) =0, 9)
rd)>0, d-XI, >0.

1 This assumption ensures that “no pair of bit rent functions intersects more than once” in the suburb and downtown
when we use the bit-rent approach. As discussed in Fujita (1989, Chapter 4), this is a necessary condition for the
uniqueness of the equilibrium in the traditional residential location model.
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This condition means that, if Xfﬂ

ra (i.e., r(d) = 0); otherwise, r(d) is determined such that X?H =d. r(d) is uniquely determined by

< d for any r(d) € R,, land rent at d equals the agricultural rent

condition (29), because the following conditions hold:

dx¢

0 = LASCCD +r@ )~ O L) +r@ e <0 i Y N{>0, (@0a)
r(d) kel kel

T(}ii)r—r)loo X?+1 =0, (300)

where the second condition follows from H’(-) = —g(:) and lim,_,e §(r) = 0 (lim,—0+ f’(a) = 00).
By using (26), (27), and (28), we obtain Lemma 4.

Lemma 4. Suppose Assumption 3. Then at the long-run equilibrium,

(i) the city boundary X® is given by

1{1 1 1 1
B 2 ] ]
X’ =d+ _T —IH(T’A) - { }Hk I‘I1 , (31)

87 Q- o
keI\(1) k k-1 1

where H; = H(ra + Zi:i axTN);

(ii) the number N(x) of commuters, lot size a(x), and land rent r(x) + r4 are given by

— i 1 1 i ;
N T (it - ) = Zlkzz {: - —}Hk + S zf xe X, Xs,.], o2
h! (aﬂx +a; Yo {a_k - K:HZ + a—;Hf) if xe[X?4,X4],
— 1 B
a(x) = NG VYx € [0, X"], (32b)
r(x)+ra = f'(a(x))  Vxe[0,XP], (320)

where h™\(-) is the inverse function of h(-) and H? = H(r(d) + r4 + Lj_; axTND).

Proof. Since X = Xi,; and H? = H(r(X?) + r4), we have (31). (32) is obtained from the straightfor-
ward calculation of (4), (12), and (26). m|

It follows from this lemma that, for any i,j € 7,

XP AN [>0 i xe(X X)),
ON; = 7 NI |<0 if xe(xd,xi).

+

(33)

This shows that the city boundary moves outward as the suburban population increases. That
is, a population increase in the suburb leads to urban sprawl. Furthermore, it induces higher
density and land rent at any populated suburban location and lower density and land rent at any
populated downtown location.

We see from this lemma that the long-run equilibrium spatial distribution of suburban com-
muters and that of downtown commuters are uniquely determined if X; and X¢ are finite. There-
fore, we make the following assumption to ensure the uniqueness of the long-run equilibrium in
the suburb and downtown.

Assumption 4. H(r) < oo foranyr > ra.

13



Indeed, since X§ and X¢ are given by (28), they are finite under Assumption 4.
In addition, the long-run equilibrium conditions (14a), (14b), (14c), and (14d) are equivalent
to Karush-Kuhn-Tucker (KKT) conditions of the following optimization problem:

Lemma 5. The spatial distribution [N:(x)] (x € X*) of suburban commuters is a long-run equilibrium if

and only if it is a KKT point of the following optimization problem:

- - (IN? =) { Ne(x) =74 |d 34

&@g}fd [;{wk artx = ¢ (N®) + )} Ni(x) = 7a | dx (34a)

s.t. f Ni(x)dx=N! VieI, Ni(x)20 VieI,VxeR,. (34b)
d

Furthermore, the spatial distribution [N;(x)] (x € X?) of downtown commuters is a long-run equilibrium
if and only if it is a KKT point of the following optimization problem:

we = e + ) PNi) = ra | dx 35

&Tiﬁfod[;{ k= &1 f(N(x))} k(x) =74 (35a)
d

s.t. fNi(x)dx:Nf VieZ, Nix)>0 Viel, VxeR,. (35b)
0

Since @ equals the lot size a(x) and f ’(ﬁ) equals the market land rent at location x, the objective
functions of (34) and (35) represent the total surplus f Yoker Uk(X)Ni(x)dx + f r(x)a(x)N(x)dx of the
suburb and the downtown, respectively. Hence, this lemma demonstrates that the land market is
efficient in both the suburb and downtown, as in the traditional residential location model (Fujita,
1989). Note that since the number IN® of suburban commuters is taken as given, Lemma 5 does
not indicate that the long-run equilibrium is efficient but instead shows that market failures in
our model are caused only by traffic (bottleneck) congestion.
The results obtained above can be summarized as Proposition 2.

Proposition 2. Suppose Assumptions 3 and 4. Then, given the number N*® of suburban commuters, the

long-run equilibrium suburban and downtown spatial structures have the following properties.

(i) The long-run equilibrium spatial distribution of suburban commuters and that of downtown com-

muters are uniquely determined.

(ii) Among commuters residing in the suburb, those with a high value of travel time reside closer to the
CBD. Among commuters residing downtown, those with a high value of travel time reside closer to
the CBD.

(iii) Population increase in the suburb leads to urban sprawl. Furthermore, it induces higher density and
land rents at any populated suburban location, and lower density and land rents at any populated
downtown location.

(iv) The total surplus of the suburb and that of the downtown are maximized.

3.2.2 Population of suburban and downtown commuters

We next characterize the long-run equilibrium number N* = [N{*] and IV dr — [Nl?’*] of suburban

and downtown commuters i under Assumptions 3 and 4 by using equilibrium conditions (14e)
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and (14f). From (28) and Lemma 4, utilities that commuters receive from residing in the suburb
and downtown are given by

O (N®) =y = (N®) — X + H(ra) = ) axt(XS,, = X}), (36a)

I
k=i
I

o™ (N) = yi — atX? + H(r(d) + r4) — Z aT(X?

= XD, (36b)
k=i

where X5 and X? are represented as (28). The utility difference v*(IN¥) — v¥*(IN?) is thus given b
1 1 p y 1 1 g y

1
o (N — 0" (N®) = I (N®) + Z (@1 — a)T(XE = X9 + ay(XB — d) + H(r(d) + 74) — H(ra).
k=i+1

(37)

The difference in utility of commuters with high bottleneck cost c*(IN*) or small i grows. More
specifically, because the utility difference satisfies

for (V) = e () = el (V) =i, (V)
= {C?*(Ns) + T (XIS — X?)} - {C?:l(Ns) +ai1T (Xzs - Xf)} 4 (38)

where cf*(N ) + ayt (Xf - Xfl) denotes the commuting cost difference between suburban and
downtown commuters i, commuters with a large commuting cost difference have a greater utility
difference. Since the short-run equilibrium bottleneck cost cf*(N *) is given by (20), this implies
that richer or more inflexible commuters prefer to reside downtown under Assumptions 1, 3, and
4. Indeed, if rich commuters are inflexible, they reside downtown. To see this, we consider the
case in which Assumption 3 and the following assumption hold.

Assumption 5. f;_1 > f; forallie IT\{1}.

Under Assumptions 1 and 3-5, cf*(N 5) < cﬁ’jl(N *) for any IN*® and i € I\{1}; that is, the income
elasticity of commuting cost differences is positive. Thus, we have

o (N) = 0" () < o (N = 0 () (39)
for any IN® and i € 7\{1}. This implies that there exists i* € 1 such that

dx * . %
o"(N = N°) > v*(IN®) forany i<7",
v™(N = N°) <o(N°) if i=17, (40)
v*(N — N°) < o*(N®) forany i>7",

where N = [N;] denotes the total number of commuters i. Because vf’*(N - N?) = o7*(IN?)
increases with an increase in N, this condition indicates that a long-run equilibrium number N**

of suburban commuters exists uniquely and is given by

NS =0 if i<f, (41a)
NS =N; if i>7, (41b)
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Ni* lf v?f([Nll. o /Nl'"—llolol' o /0]) < vf:([or : ,0,N[*,Ni*+1,"' /NI])/

Ni = (41¢)
¢N;- otherwise,
where ¢ € [0,1] is uniquely determined from
’U;:i:([Nll e /Nl'*—ll (1 - (P)Ni*/ O/ e /0]) = ’Uf:([ol tty 0/ (PNi*/Ni*+1/ e /NI])' (42)

Therefore, we have the following proposition.

Proposition 3. Suppose Assumptions 1 and 3-5. Then the long-run equilibrium number of suburban
and downtown commuters is uniquely determined. Furthermore, at the long-run equilibrium, commuters
with a high value of travel time reside downtown and commuters with a low value of travel time reside in
the suburb.

Propositions 2 and 3 show that, under Assumptions 1 and 3-5, rich and inflexible commuters
reside closer to the CBD since rich commuters have a higher commuting cost. This result is
consistent with empirical observations in cities with heavy traffic congestion (see, e.g., McCann,
2013, p.126). Furthermore, introducing Assumptions 3 and 5 implies that the income elasticity of
commuting costs is positive and larger than the income elasticity of demand for land. Therefore,
this result is consistent with the standard result given by the traditional location model.

Although we mainly focus on this type of heterogeneity to clearly demonstrate the properties
of our model, in other cases, we can have different equilibrium spatial distributions of commuters.
As an example, we consider the opposite case: poor commuters are highly inflexible and rich
commuters are highly flexible. In this case, the bottleneck cost of poor commuters can be much
higher than that of rich commuters, such that C?*(N )+ ait(X: - Xf ) > cfjl(N )+ aiaT(X; - Xf" ) for
some IN° and i € J under Assumption 3 (i.e., income elasticity of commuting cost differences is
negative). This, together with (38), implies that poor commuters can reside downtown at the long-run
equilibrium. This result occurs because commuters who are relatively rich but highly flexible are
able to traverse the bottleneck early or late to avoid queuing congestion at a low cost. This will
save them a significant amount on their lot size, with a fairly small bottleneck cost. Thus, they
prefer to do so. Likewise, commuters who are relatively poor but highly inflexible can avoid their
incredibly costly traversing of the bottleneck by paying to reside downtown. Therefore, we can
say that, in our model, commuters sort into residing in the suburb or downtown based on their value of
travel time and their flexibility.

4 Optimal congestion toll

Studies utilizing the standard bottleneck model show that queuing time is a pure deadweight
loss. Hence, in our model, there is no queue at the social optimum, and the social optimum
can be achieved by imposing an optimal time-varying congestion toll that eliminates queuing
congestion, as shown later. This section considers the introduction of an optimal congestion toll

p(t) and characterizes equilibrium under this pricing policy.
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4.1 Short-run equilibrium

Congestion toll p(t) eliminates queuing congestion.'” Thus, the commuting cost c!(x, t) of com-
muters 7 is given by

, si(t—t) +aitx if xe X9,
ci(x, t) = (43a)
() + ajx if xelXs,

() = p(t) +silt — 1). (43b)

Superscript t describes variables under the congestion toll. Since we consider heterogeneous
commuters, congestion toll p(f) does not equal queuing time cost a;4(f) at the no-toll equilibrium
and is set so that travel demand Y, ; n{(t) at the bottleneck equals supply (i.e., capacity) p.
Therefore, short-run equilibrium conditions for suburban commuters are expressed as

ctt)y =t if wtt)>0
! ! ! VieI, VteR, (44a)
Ay = if n(h) =0
Lierni'®)=p if p(t)>0
Yierm () <p if p(H)=0

f nl(H) dt = NS VieT. (44c)

VteR, (44b)

Condition (44a) is the no-arbitrage condition for suburban commuters” arrival time choices.
Condition (44b) denotes the bottleneck’s capacity constraints, which assure that queuing con-
gestion is eliminated at the equilibrium. Condition (44c) provides the flow conservation for
commuting demand. From these conditions, we have nft ), p(t), and C?t* at the short-run equilib-
rium as functions of the number N* of suburban commuters i € 7.

As in the case without the congestion toll, by invoking the results of studies employing the

bottleneck model, we have Lemma 6

Lemma 6 (Lindsey, 2004; Iryo and Yoshii, 2007).

(i) The short-run equilibrium bottleneck cost C?t*(N st under the congestion toll is uniquely determined.

(ii) The short-run equilibrium number [n"(t)] of suburban commuters arriving at time t under the
congestion toll coincides with the solution of the following linear programming problem:

minz f si(t — ) () dt (45a)
[ (1) &=
st. Y mit)<u VieR, f n'(M)dt=N! Viel, n'()=0 VieI,VteR. (45b)

iel

Lemma 6 (ii) suggests that total schedule delay cost is minimized at the short-run equilibrium
under the congestion toll. Note that total schedule delay cost equals total commuting cost minus

2The tradable network permit scheme proposed by Akamatsu (2007) and Wada and Akamatsu (2013) has the same
effect as the optimal congestion toll. Similar schemes have been proposed by, e.g., Verhoef et al. (1997), Yang and Wang
(2011), Nie (2012), He et al. (2013), and Nie and Yin (2013).
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total toll revenue. Hence, Lemma 6 (ii) indicates that, in the short run, the optimal congestion toll
minimizes the social cost of commuting.

From equilibrium condition (44a), we have
" (t) + () < () + (k) Vi € supp (1), Vtj € supp (n), Vi, j € I. (46)

Thus, the following condition is obtained by substituting (43b) into (46): for any t; € supp (1"),
tj € supp (njt*), andi,je I,

if  maxt;, tj} <t (47a)

(Bi=i)(t: - 1) 2 0
(vi-7)) (t,- —4) <0 if min{t,t} >t (47Db)

This condition indicates that early-arriving commuters arrive at the CBD in order of increasing
Bi and that late-arriving commuters arrive in order of decreasing y; under the congestion toll
Since commuters with a high marginal time-based schedule delay cost arrive closer to their
preferred arrival time at the no-toll equilibrium, imposing the congestion toll alters the arrival order
of commuters.

This result and Lemmas 1 and 6 reveal that the equilibrium bottleneck cost under the congestion toll
cb*(N*) generally differs from the no-toll equilibrium bottleneck cost c*(IN*') when we consider commuter
heterogeneity in the value of travel time. Indeed, we can see that the bottleneck cost at equilibrium
with tolling differs from that at the no-toll equilibrium. For this, we suppose Assumptions 1 and
5. Then equilibrium bottleneck cost cft*(N st) under the toll is obtained in the same manner as in
(20).

i_ Nst I Nst
C?t* Nst) — n {ﬁizk_‘lll k + Z ﬁkjk} Viel. (48)

1+ N k=i+1

This shows that inflexible commuters have higher bottleneck costs at the equilibrium under the
congestion toll, which is fundamentally different from the properties of the no-toll equilibrium
bottleneck cost.

We summarize the properties of the equilibrium in Proposition 4.

Proposition 4. The short-run equilibrium under the congestion toll has the following properties.
(i) Total schedule delay cost is minimized.

(ii) Early-arriving commuters arrive at work in order of increasing marginal early delay cost (B;).
Late-arriving commuters arrive at work in order of decreasing marginal late delay cost ().

(iii) Equilibrium bottleneck cost c?(IN*') of commuters i is uniquely determined. Furthermore, under
Assumptions 1 and 5, c**(N*") is given by (48).

*

As in the case without tolling, downtown commuters arrive at t = #*, as they need not
traverse the bottleneck. That is, the commuting cost of downtown commuters i at the short-run

equilibrium under the congestion toll is given by a;tx.
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4.2 Long-run equilibrium

We characterize the long-run equilibrium spatial distribution of commuters by using the short-run
equilibrium bottleneck cost. In the long-run, the difference between cases with and without tolling
appears only in the indirect utility of suburban commuters. Specifically, under the congestion
toll, the indirect utility vft (x) of suburban commuters i is expressed as

vls-t(x) =W — A;TX — C?t*(NSt) +H(r' (x) + r4), 49

where #'(x) + r4 denotes the land rent at x under the congestion toll. The long-run equilibrium
conditions are thus represented as (11) with the use of (49).

Following the same procedure as in Section 3.2 reveals that the urban spatial structure at the
long-run equilibrium under the congestion toll has the same properties as those without tolling
(Propositions 2 and 3).

Proposition 5. Suppose Assumptions 1and 3-5. Then under the congestion toll, the long-run equilibrium
has the following properties.

(i) Spatial distributions of commuters are uniquely determined.
(ii) Commuters with a high value of travel time reside closer to the CBD.

(iii) The city boundary X®', spatial distribution N*(x) of commuters, lot size a'(x), and land rent r'(x) in
the suburb and downtown have the same functional form as in the no-toll equilibrium (i.e., (31) and

(32)).

Note that this proposition does not suggest that the urban structure at the long-run equilibrium
with tolling coincides with that at the no-toll long-run equilibrium. Indeed, imposing a congestion
toll can change the number of suburban and downtown commuters since it changes the short-run
equilibrium bottleneck cost. Therefore, this proposition demonstrates that differences between the
long-run equilibria with and without tolling arise only when the long-run equilibrium number (N** and
N*) of suburban commuters changes by tolling. In the next section, we will show the effects of
tolling on the urban spatial structure by examining differences between N** and IN*"*.

Before studying the effects of tolling, we show that the social optimum is achieved by imposing
the congestion toll. We define the social optimum as the global maximizer of commuters’ total
utility subject to budget, land, bottleneck capacity, and population constraints:

u(z;(x, 1), a;(x, 1)) n;(x, t) dtdx, 50
e N e () ; ff (=i, ), i, D) i, ) (502)
s.t. Z f f {wi = zi(x, 1) = raaix, ) — ci(x, D}, B didx > 0, (50b)

iel
1- Z fai(x, Hni(x, t)dt > 0 VYx e Ry, (50c¢)
iel
= Z f nix, Hdx >0  VteR, (50d)
i€l

N; - f f mi(x, ydxdt =0 Vie I, (50e)
ni(x,t) 20, zi(x,t) 20, a;j(x,t) >0 Viel, YxeR,, VteR. (50f)
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Then we have Proposition 6.

Proposition 6. The KKT conditions of problem (50) coincide with the short-run and long-run equilibrium
conditions under the congestion toll.

Proof. See Appendix D o

This proposition shows that the social optimum is a long-run equilibrium under the congestion
toll, which indicates that market failures are caused only by bottleneck congestion in our model.

5 Effects of congestion toll on urban spatial structure

5.1 Long-run equilibria with and without tolling

This section demonstrates that imposing the congestion toll alters urban spatial structure. As
discussed in the previous section, the difference between the long-run equilibria with and without
tolling arises when the number of suburban and downtown commuters (N* and N) changes by
imposing the congestion toll. Therefore, to examine effects of the congestion toll, we compare the
number of suburban commuters at the long-run equilibria with and without tolling.

We denote the utilities of commuters i residing in the suburb and downtown under the
congestion toll by v¥"(N*) and vft*(N 4), respectively, which are derived from (14a)-(14d), with
the use of (49). Then under Assumptions 3 and 4, Uft*(N $)and U?’t*(N 4) are obtained in the manner
of (36):

O (N®) = y; — " (IN°) — it X5 + H(ra) —

akT(XSt

b~ X0, (51a)

I
k=i

1
of"(NY) = y; — e X + H(d) +ra) = ) enr(XEE, — X, (51b)
k=i

where X} and Xl’ff are, respectively, residential locations for suburban and downtown commuters
i closest to the CBD, which are given by the same functional form as in the no-toll equilibrium
(i.e., (28)). Thus, v‘iit* N9) - v‘fs*(N *) is represented as

o (NY) — v (N®) = I™(IN*) + ZI“ (-1 — ) T(XS = XY + g (XB! = d) + H(r'(d) + 7a) — H(ra).
k=i+1 (52)
It follows from this and (37) that
(o (N) = 0" (N9)) = (0 (N™) = 0" (N¥)) = P (N®) = (V) VieT. (53)
This leads to Proposition 7.

Proposition 7. Suppose Assumptions 3 and 4. Then for any N® and i € T\{1},

(o (N = N¥) = (")) = (o, (N = N*) = 0", (V™))
= (v*(N = N*) = 07" (N9)) = (v (N = N*) =0} (N9)),  (54)
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if and only if there exists 6 such that ¢ (N*) = c*(N*) + 6 forall i € I.

This proposition implies that the urban spatial structure does not change by imposing the
congestion toll if cf?t*(N ) = cf*(N ) + o for all i € 7\{1}. However, in general, this condition does
not hold when commuters are heterogeneous in their value of travel time, as discussed in Section
4.1. This means that imposing the optimal congestion toll changes the short-run equilibrium
bottleneck cost and creates incentives for commuters to relocate. Unlike Arnott (1998), therefore,
congestion tolling does alter the urban spatial structure in our model. It is, however, difficult to examine
how the urban spatial structure changes by imposing the congestion toll. Therefore, the following
subsection analyzes our model in a simple setting to elucidate the effects of tolling.

Note that the results presented thus far were obtained under the assumption that toll revenues
are not redistributed. Since the optimal congestion toll minimizes the short-run social cost of
traversing the bottleneck, bottleneck costs for all suburban commuters can be reduced. More
specifically, if policymakers can observe the type of commuters, they can redistribute toll revenue
to suburban commuters such that

I (INF) = pi(IN®) < c&(INF), (55)

where p;(IN?) denotes the toll-revenue redistribution for each suburban commuter i (type-specific
lump-sum rebate). Thus, under this toll-revenue redistribution p;(IV®), the following condition is
satisfied for any IN° and i € 1:

o (N = V%) = 0" (N*) = pi(N") < o (N = N*) = 0} (IV"). (56)

This indicates that if every commuter does not relocate (i.e., in the short-run), imposing congestion toll
with this toll-revenue redistribution helps all suburban commuters and hence makes residing in the suburb
more desirable. Furthermore, this and (40) indicates that this toll-revenue redistribution leads to
urban sprawl under Assumptions 1 and 3-5.

5.2 A simple example
5.2.1 Theoretical analysis

We consider a simple setting to show concretely the effects of the congestion toll on urban
spatial structure. Specifically, we suppose that Assumptions 1-4 hold.!® That is, rich commuters
are assumed to have a higher marginal time-based schedule delay cost. This implies that rich
commuters tend to avoid a schedule delay rather than queuing time and paying the toll.

As Hall (2015) shows, this is a situation wherein congestion tolling does not alter the arrival
order of commuters and generates a Pareto improvement if every commuter does not relocate.
Indeed, it follows from (20) and (48) that the difference between short-run equilibrium bottleneck
costs with and without tolling is non-positive for any IN*:

no ZI: {1 1 } N; [=0 Vi>max{supp (IN*)},
a; —

H(N®) = " (N°) =
B <0 Vi< max{supp (IN°)}.

(57)

13Note that if Assumptions 1-4 hold, the condition in Assumption 5 is also satisfied.
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This shows that the short-run equilibrium bottleneck cost incurred by the poorest commuters
does not change. This reflects the fact that the poorest commuters are the most inflexible and
have the highest time-based marginal schedule delay cost. That is, commuters who face no
queuing cost at the equilibrium without tolling and face no toll at the equilibrium with tolling
are the poorest ones.

We see from (57) that congestion tolling weakly decreases short-run equilibrium bottleneck
costs of all commuters. However, as we see later, congestion tolling cannot lead to a Pareto
improvement if we consider commuters’ relocation. Moreover, rich commuters gain and poor
commuters lose from imposing the congestion toll.!*

We first examine the effects of tolling on urban spatial structure. It follows from (53) and (57)
that, for any N° and i € 7,

vf“(N - N°) - v?t*(Ns) = vf’*(N — N?) = v (IN?) Vi > max{supp (IN*)}, (58)
v (N - N*) = 0(N?) < 07(IN — N*) — 05" (V") Vi < max{supp (IN®)}.

This clearly indicates that imposing the congestion toll can create incentives for commuters

to reside in the suburb. Since the long-run equilibria with and without tolling are uniquely

determined, this result leads to

N"* >N Viel. (59)

This implies that imposing the congestion toll can increase the suburban population. Furthermore, it
follows from Propositions 2 and 4 that if there exists i € I such that Ni" > N?*,

X8 < XBt, (60a)

>Nt if xeX?,
N*(x) , (60b)
< N™(x) if xe€X°Nsupp(N™),

X >rt*(x) if xe X9,
*(x) ) (60c)
<r(x) if xeX®nsupp(N¥),

where superscripts * and t+ describe variables at the long-run equilibria without and with tolling,
respectively. This indicates that the population increase in the suburb leads to urban sprawl and induces
higher (lower) density and land rents at any populated suburban (downtown) location.

This finding is in contrast to the standard results of traditional location models, which consider
static flow congestion (Kanemoto, 1980; Wheaton, 1998; Anas et al., 1998). It also differs from
the results obtained by Arnott (1998), who considers homogeneous commuters. This thereby
demonstrates that interactions among heterogeneous commuters may cause urban sprawl resulting from
imposition of the optimal congestion toll.

We next examine changes in commuters’ utility due to the population increase in the suburb.
There exist commutersi € JR = {i € T | Nf”" > (0 and Nf’* > 0} who reside downtown at the long-
run equilibria with and without tolling, and their utility changes by tolling from vf*(N - N*) to

14 As Takayama and Kuwahara (2016) shows, essentially the same conclusion is obtained if we introduce the assumption
“Bi1/ai—1 < Bi/a; for any i € T\{1}” instead of Assumption 2.
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vf’t*(N — N*), Their difference is obtained from (28), (36), and (51) as

o (N = N™) = o (N = N%) = {H(*(0) + 74) = HO'(0) + ra)} + ) (e — ) T (X2 = X2).
k=2
(61)

Because X/ > X% for all i € 7% and r*(0) < #*(0) hold if there exists i € I such that N5 > N, we
have o/*(N — N) > (N — N*) for all i € T®. This shows that rich commuters i € I® gain from
the population increase in the suburb.

The poorest commuters I reside farthest from the CBD at the long-run equilibria with and

without tolling. Therefore, their utility difference is equal to the commuting cost difference:
O (N) = 07 (N™) = [ (N) + agTXP) = [ (N*") + ayTXP") (62)

Furthermore, (20) and (48) yield

C?t*(Nst*) _ C?*(Ns*) — L E {Z N]it* — Z le(*} . (63)

1+ mH kel kel

Thus, we obtain 5" (IN*"") < v¥*(IN*") if there exists i € I such that N" > N3*; that is, the population
increase in the suburb harms the poorest commuters.

These results establish the following proposition.
Proposition 8. Suppose Assumptions 1-4. Then

(i) congestion tolling weakly decreases bottleneck costs of all commuters in the short-run and can
increase the suburban population in the long-run;

(ii) the population increase in the suburb leads to urban sprawl and induces higher (lower) density and
land rents at any populated suburban (downtown) location;

(iii) rich commuters i € IR gain and the poorest commuters I lose from the population increase in the
suburb.

The results obtained in this subsection can be summarized as follows. In the short-run,
congestion tolling reduces bottleneck costs of all commuters except those incurred by the poorest
commuters, creating incentives for downtown commuters to reside in the suburb. Furthermore,
commuters’ relocation from downtown to the suburb causes downtown rents to fall and utilities to
rise. Since rich commuters reside downtown in this case, they are made better off by congestion
tolling if it leads to relocation. Since the poorest commuters reside farthest from the CBD,
downtown commuters” relocation pushes them farther out from the CBD. This, together with
increased demand for traversing the bottleneck, exacerbates commuting costs (free-flow travel
time cost and schedule delay cost) of the poorest commuters.
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5.2.2 Numerical analysis

We numerically analyze our model and show effects of the optimal congestion toll. In this

analysis, we assume f(a) = x In[a] and use the following parameter values:

I=4, d=10(km), 7=2(min/km), [N;] = [1000,1500,2000,2500], (64a)
[y:] = [300,200,150,100], =10, ra = 200. (64b)

The values of a;, i, and 1 are set to be consistent with the empirical result (Small, 1982) and
Assumptions 1-4.

[a;] =[0.3,0.2,0.15,0.1], [B:] =[0.15,0.09,0.06,0.03], n=4. (64c)

We conduct comparative statics with respect to bottleneck capacity u. The no-toll equilibrium
number of commutersi € 7 is presented in Figure 3. This figure shows that downtown commuters
relocate to the suburb in order of decreasing i with increases in bottleneck capacity. They do so
because increasing u reduces bottleneck cost C?*(N °) of all commuters, creating incentives for
downtown commuters to relocate to the suburb. This is consistent with the results presented in
Section 5.2.1.
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The effects of the optimal congestion toll appear in Figures 4-7. Figure 4 presents the long-run
equilibrium number N?* of suburban commuters i under the optimal congestion toll. Although
this result is qualitatively the same as that at the no-toll equilibrium (Figure 3), congestion tolling
changes the total number N° = },c; N? of suburban commuters, as illustrated in Figure 5. Note
that when u is small, imposition of the congestion toll does not alter N°. This occurs because
for small u, only commuters 4 reside in the suburb (i.e.,, commuters traversing the bottleneck
are homogeneous). Thus, congestion tolling does not affect the commuting costs of suburban
commuters, as shown in Arnott (1998). Furthermore, a suburban population increase attributable
to congestion tolling leads to expansion of the city boundary X®, as illustrated in Figure 6. That
is, imposing the optimal congestion toll causes urban sprawl. Figure 7 indicates that congestion
tolling reduces the utility of commuters 4 (i.e., commuters with the lowest value of time). That
is, the poorest commuters lose from congestion tolling. We also see from Figures 5-7 that the
difference between equilibria without and with tolling increases in two ranges of y where N**
is constant. This occurs because, in these ranges, increases in bottleneck capacity do not alter
the suburban population at the no-toll equilibrium but increase its population at the equilibrium
with tolling. These results are also consistent with those presented in Section 5.2.1.

6 Conclusion

This study has developed a model in which heterogeneous commuters choose their departure
time from home and residential locations in a monocentric city with a single bottleneck. By
using the properties of the complementarity problem, we systematically examined the spatial
distribution of commuters and the effects of time-varying congestion tolling. The results indicate
that commuters sort themselves temporally and spatially on the basis of their value of time
and their flexibility. Furthermore, imposing an optimal congestion toll alters the urban spatial
structure. This finding differs fundamentally from the results obtained by Arnott (1998), who
considered homogeneous commuters. Our finding thus also suggests that interactions among
heterogeneous commuters change the effects of congestion tolling.

In addition, we used a simple example to demonstrate that imposing a congestion toll with-
out redistributing toll revenues causes urban sprawl, which is opposite to the standard results
of traditional location models considering static traffic flow congestion. This difference arises

from the following reasons: in the traditional residential location model, imposing a congestion
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toll makes commuting more expensive; in our model, however, tolling eliminates the queuing
congestion; hence, it can make commuting less expensive. We further show that, although con-
gestion tolling generates a Pareto improvement in this example when commuters do not relocate,
it leads to an unbalanced distribution of benefits among commuters: rich commuters gain and
poor commuters lose from tolling. These results suggest that considering commuter heterogene-
ity and commuters’ residential location choice is important when we examine the efficacy of
transportation policies intended to alleviate peak-period congestion.

This study made simplifying assumptions that each commuter traverses only one bottleneck
and that rich commuters are more inflexible than poor commuters. Furthermore, although we
considered the quasi-linear utility function, it is well known that the income elasticity of demand
for land is positive. Therefore, it isimportant to examine the robustness of our results by analyzing
a model with multiple bottlenecks,'® general heterogeneity,'® and other utility functions such as
Cobb-Douglas utility. In addition, it would be valuable for future research to investigate effects of
policies other than optimal congestion tolling, such as step tolls (Arnott et al., 1990a; Laih, 1994,
2004; Lindsey et al., 2012) and transportation demand management measures for alleviating traffic
congestion (Mun and Yonekawa, 2006; Takayama, 2015).

A Equivalence between the bid-rent and complementarity ap-

proaches

We show that long-run equilibrium conditions (11) coincide with those of the bid-rent approach.
The condition (11a) can be rewritten as

Ni(@) {r(x) + 74 = Wilx, 9))} = 0

VxeR,, Viel, (65a)
Ni(x) 20, r(x) + 74 — Wi(x,v) 2 0
or equivalently,
r(x) +rq4 = Vi(x, v} if N;(x)>0
() +ra =il o) it Ni¥) VxeR,, Viel. (65b)
r(x) +ra 2 Wi(x,07) if Ni(x)=0
Wi(x,v}) is given by
Wiy, v)) = H' (V] ~ yi(x)), (66)

where H™!(") is the inverse function of H(-). Furthermore, since max,x{yi(x) + f(a(x)) — vi}/a(x) =
Wi(x, v;),17 Wi(x, v}) can be interpreted as the bid-rent function of commuters i. This shows that
conditions in (11b), (11c), and (65a) are the equilibrium conditions of the bid-rent approach (see,
e.g., Fujita, 1989, Definition 4.2).

15Kuwahara (1990) and Akamatsu et al. (2015) have shown the properties of a bottleneck model with multiple bottle-
necks.

16Lju et al. (2015) proposes a semi-analytical approach for solving an equilibrium of a bottleneck model with general
heterogeneous users, which is applicable to our model.

17 As shown in, e.g., Fujita (1989), this maximization problem defines the bid-rent function.
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B Proof of Lemma 2

We can show that, for any x%,x” € supp (N*), there is no x° € (x*, x”) such that N*(x°) = 0, because
the indirect utilities of suburban and downtown commuters i are given by (13). Thus, we obtain
Lemma 2 (i).

Differentiating the indirect utilities v(x) and vf (x) with respect to location x, we have

dN* x) . ,
doi)  [~a W) i fedg) 2
= (67a)
dx : r(_1
—;T if f (N_(x)) < Ta,
dN* x) . ,
aole) [+ N @)D i iy 2,
= (67b)
dx : r(_1
—T if f (N*(X)) < A
Therefore, the long-run equilibrium number N*(x) of commuters residing at x satisfies
f’(N,L(X)) >ra  Yx e supp (NY). (68)

Furthermore, it follows from long-run equilibrium conditions (14a) and (14c) that N*(x) also

satisfies

Fisks) > ra Vx € supp (N\(XP),

o (69)
f (m) =TA
This completes the proof.
C Proof of Lemma 3
It follows from (26) that N(x) and 5 are given by
B (IN(XD) + ait(x — X5))  if x € [X5, X3
NQ) = (r(N(X))) + ait(x = X7)) i x € [X], X1, (70a)
Y AIN(XD)) + agt(x — X)) if x e [X9, X9 ],
AN __ait Vx € supp (N), (70b)

dx  W(N®K))

where hi71(-) is the inverse function of (-). Hence, the population constraints (14b) and (14d) can

be rewritten as

X2, N,
= f  N(x)dx = f NE) - dNG)

N(X) dN(x)

NXG) N(XS5, )

_ M N 1N

- fN N g dNG = fN o { ~aE! (N(x))}dN(x)

=f{ r(X5,) + (X)), 1)
X”’ 1

N¢ N(x)dx = —{ r(X2,) + (X} 71b)

x¢ ;T
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Since r(Xj,,) =ra and (x4 7,1) =1r(d) +ra, we have Lemma 3.

D Proof of Proposition 6

The KKT conditions of problem (50) are given by

ni(x, t)[u(zl(x £), ai(x, £)) + A fw; — zi(x, £) — radi(x, £) — ci(x, £)} — n()ai(x, t) — p(t) - v,«] =0
ni(x,t) >0, u(zi(x, t),ai(x, t)) + AMw; — zi(x, t) = raai(x, t) — ci(x, £)} = n(x)ai(x, t) — p(t) —v; <0,
(72a)

zi(x, Hni(x, (1 = A) =
zi(x,£) =0, ni(x,t)(1-A)<0,

{a,m {00 D {f @, ) = @) - ra) = 0, (720)

(72b)

ai(e, 1) 2 0, mi(x, ) {f/(@(x, 1) - n(x) = ra) <

ALier [[{wi =z, ) = ragilx, H) - citx, t)}n(x f)dtdx = 0

(72d)
A=20, Yier ff {wl — zi(x, t) — raai(x, t) — ci(x, t)}nz(x t)dtdx > 0,

n(x) [1 Yier fal (x, Hni(x, t)dt] 0

72

n(x) >0, 1-Yir [ailx,tnx, H)dt >0, 720

p(®) [t = Tier [ miCx, Hdx] = 0 (726)
p) >0, u- Zzeffn(xt dx >0,

N; - f f ni(x, )dxdt =0, v; >0, (72g)

where A, n(x), p(t), and v; are Lagrange multipliers.
These conditions lead to A = 1. It follows from this and lim,_,g f’(a) = oo that condition (72c)

can be rewritten as

ni(x, ) {f (@i(x, 1)) = n(x) = ra} =0, 73
ni(x,t) 20, f'(ai(x, 1)) —n(x) —ra < 0.
This condition is equivalent to
(74)

ai(x,t) = gn(x) +ra) if ni(x,t) >0,
ai(x,t) = g(n(x) +ra) if ni(x, £) =0.

Because f(a) — af’(a) is monotonically increasing with increases in a, we can rewrite condition
(72a) as

w; + f(g(M(x) +7a)) — {nN(x) +ralg(n(x) +ra) —aitx —si(t —t*) —p(t) —vi =0 if ni(x,t) 20,
w; + f(g(n(x) +74)) — {N(x) + ralg((x) +7a) — aitx —s;(t — ') — p(t) —vi <0 if n(x,t) = 0.
(75)
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Since this condition is separable with respect to t and x, we have

¢-sit—t)—pH)=0 if [ni(x,H)dx >0, 76
a-st—t)—p(H) <0 if [nx,Hdx=0,
w;i + f(g(nx) +7ra)) — {n(x) + ralg(n(x) + ra) — aitx — ¢;—vi=0 if fni(x, tdt >0, 77)
Wi + f(g(N(x) +74)) = (N(x) +1alg(N(x) +74) —atx —¢; =v; <0 if [ ni(x, t)dt = 0.
Furthermore, conditions (72e) and (72g) can be represented as
n[1 = g() +ra) Lier [ mix, Hdt] =0, 79
nx) >0, 1-gmE)+ra) Lies [miCx,t)dt >0,

Ni—f{fni(x, t)dt} dx=0, v;>0. (79)

Therefore, KKT conditions in (72) can be rewritten as

{c; Cst—F)—p®) =0 if m(t)>0, som
G —sit—t)—p®H) <0 if n(t)=0,

p®) [u = Xierni(H)] =0 (80b)
p(t) =20, p—Yerni(t) =0,

fni(t)dt = f‘” Ni(x)dx, (80c)
d

wi + f(g(n(x) +74)) — {n(x) + ralg(n(x) + 7a) —aitx —c; —v; =0 if Ni(x) 20, (80d)
w;i + f(g(n(x) +7a)) — {n(x) + ralg(n(x) + ra) — aitx — ¢;—vi<0 if N;(x) =0.
N1 = gn) +7a) Yier Ni(x)] =0,
(80e)
n(x) =0, 1-gn(x)+ra)dier Ni(x) >0,
N; = fNi(x)dx. (80f)

This proves Proposition 6.
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