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We examine spatial patterns and their changes during the 1970s for the Los
Angeles region, by estimating monocentric and polycentric density functions for
employment and population Downtown Los Angeles 1s clearly identified as the
statistical monocentric center of the region, and 1t 1s the most consistently strong
center in the polycentric patterns Polycentric models fit statistically better than
monocentric models, and there was some shift i1n employment distribution toward
a more polycentric patiern These findings verify the existence of polycentricity in
Los Angeles and demonstrate for the first time that employment and especially
population follow a polycentric pattern based on exogenously defined employment
centers The results confirm that both employmeni and population became more
dlspersed durmg the 1970s © 1994 Academic Press, Inc

I INTRODUCTION

Geographical distributions of population and employment density are
often used 1n analyses of urban structure While such analyses traditionally
have assumed monocentricity [21, 23, 26, 29], recent studies have demon-
strated the presence of employment subcenters in large American cities
{4, 10,13, 22] The theoretical basis for subcenters has also recewved atten-
uon [19, 30,33 34, 371

The polycentric nature of urban structure, however, has not been
mcorporated into the empirical work on demnsity distributions Griffith
[15, 16] and Gordon et al {11] are rare exceptions Unfortunately, Griffith
was unable to detect any effects of secondary employment centers on

*This work 1s funded by a grant from the US Department of Transportation and
Califorma Department of Transportation to the Unwversity of California Transportation
Center We are grateful to David Brownstone, Gordon J Fielding, Genevieve Giuhiano, John
McDonaid, and Michelle White for comments on an earlier draft All responsibility for the
contents remains with the authors
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POPULATION AND EMPLOYMENT DENSITIES 293

population distribution 1n Toronto m 1971 or 1976, he conciudes that their
mmpacts “may not be appreciated unless an extremely large place, such as
Los Angeles, Chicago or New York, 1s studied’ [16, pp 308-309]

Gordon et al. [11] study the Los Angeles area m 1970 and 1980 using
the polycentric model suggested by Griffith They find that for both
employment and population, the polycentric model fits better than the
monocentric model, with mmportant subcenters exerting a marked nflu-
ence overlaild on a general pattern of dispersion Their study, however,
has several shortcomungs First, the population distribution 1s based on
endogenously determuned population centers, whereas the theory relates
it to employment centers Second, employment centers are defined using
ad hoc criteria including the fit of the estimated density function, thereby
precluding statistical inference concerning their effects on employment
density. Third, polycentric density gradients for employment i 1970 are
not estimated, so changes m employment distribution between 1970 and
1980 cannot be examined

In this paper, we estimate polycentric density functions for both employ-
ment and population, for 1970 and 1980, using small-zone data for the Los
Angeles region. All density functions are based on employment centers,
predefined using sumple mtuitive criteria on employment density and total
employment In this way, we are able to perform rigorous hypothesis tests
to verify the existence of polycentricity and to determine how its extent
changes over ttme We also measure the mmpacts of employment subcen-
ters on region-wide empjoyment and population distributions, compare
the polycentric and monocentric models, and examine changes over time
m the overall degree of dispersion.

II DENSITY FUNCTIONS

Monocentric Model

The standard monocentric model assumes that an urban area has a
single employment center Households trade off accessibility to this center
against housing costs m order to maximize their utiity As a result,
residents are distributed in a circularly symmetric manner with density
function f(r), where r 1s the distance from the single center Employment
18 sometimes assumed to be located entirely in a central business district
(CBD), but thss 1s not at all necessary many writers instead assume that it
has a distribution smmilar 1n shape to that of population but somewhat
more centralized [17,21,26,27,38]. We follow these writers in using
“monocentric” to mean any distribution which 1s circularly symmetric
about a single center, we do not use the term in 1ts more restricted
meanng of all employment being in the CBD.
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The negative exponent:al 1s the most commonly used density function m
the monocentricity literature, and 1t 1s used n this paper In the case of
popuilation density, this specification can be derived theoretically either
from a utility-maximizing model with a unitary value of the price elasticity
of housing services [28,29,31] or from entropy maxinuzation [3] In the
case of employment density, the negative exponential form 1s derived by
Mills [25] by assumiung that the production functions for product and
transportation have the Cobb-Douglas form. and that the demand for
product has a constant price elasticity We give this negative exponential
form a multiplicative error structure, which 1s supported (relative to an
additve structure) by evidence reported by Greene and Barnbrock [14]

To summarize, the version of the monocentric model that we examine
empirically 1s

Dm =Ae_br"‘eu"', m = 1,29 ’Ma (1)

where D, 1s the observed density of population or employment in zone m;
M 1s the total number of zones in a metropolitan area, r,, 18 the distance
of zone m to the CBD. e*n 15 a multiphicative error term associated with
zone m. and A and b are parameters to be estimated

To allow for a possible crater at the center in the case of population,
we also fit monocentric models with a guadratic distance term added
to —br,, Surprnsingly, the results indicate no crater near the center for
population, mstead, a mumumum density 1s predicted at a distance far away
from the center (about 137 miles, which 1s well beyond the range covered
by our data) We restrict subsequent discussion to the simple negative-
exponential form (1)

Polycentric Model

The natural extension of the monocentric model 1s to assume that urban
residents and firms value access to all employment centers. so that employ-
ment and population densities are functions of distances to all these
centers As pomted out by Hewkkila er al. {18], a polycentric density
function could be postulated under several alternative assumptions If
mfluences from different centers are perfectly substitutable, so that only
the nearest center matters, then the polycentric function would be the
upper envelope of functions applymg to the various centers If those
mfluences are complementary, so that some access to every center is
necessary, then the polycentric density nught be the product of such
functions, as specified by McDonald and Prather [24] for Chicago ! If the

INote that the multiplicative density function does not have a separate ntercept for each
center, so there 14 no apparent way to take 1nto account the variation m sizes of various
centers Furthermore, 1t implies that adding a new center at one side of the region lowers
densities tar away on the opposite side
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relationship among centers’ wmfluences 1s between these two extremes,
then the sum of center-specific functions becomes a plausible specifica-
tion We believe this last assumption 13 the most realistic. so we specify the
polycentric density function to be addiuve, as do Griffith {15.16] and
Gordon et al [11]

Applying these ideas to the negative-exponential functional form leads
to the following generalization of the monocentric model.

N
D,= Y Aetmty, m=12. ,M, (2)

r=1

where N 1s the number of employment centers; r,,, 1s the distance
between zone m and center n, v,, 1S the error term of density associated
with zone m, and A4, b, are parameters to be estimate for each center n.
The first term on the right side of the equation 1s a vertical sum of
negative-exponential density functions, each reflecting the influence of one
center on that location. The error term is specified to be additive in order
to permit estimation by nonlnear least squares 2

When the ntercepts of all centers except one are zero, the polycentric
form collapses to the monocentric form with an additive error Therefore,
we can test statistically whether the polycentric model explains the actual
distributions better than the monocentric model. We also can test the
significance of center n m explaining the overall density patiern by means
of an F test on its parameters A, and b,

In addition, we are able to measure the overall mmpact of each employ-
ment subcenter on region-wide employment and population distributions.
Summing the estimated mfluence of center n on employment or popula-
tion 1 all zones m 1n the region yields

M M .
IMPACT, = Y (A, e bm)S,, =A, ¥ 5, bnm,
me=1 m=1

n=12, ,N, (3)

where §,, 1s the area of zone m, and A, and b, are the estimated
mmtercept and gradient for center n Clearly, the influence of center # 1s
posttively related to 4, and negatively related to 5,, This method 1s more
accurate than integrating over part of a circle, as m [11], because 1t
accounts for the actual geography of the region

ZWe attempted to estimate a version of (2) with a multiplicative error term, by taking
logarithms and applying nonhnear least squares, but we could not obtain convergence due to
the extreme nonhinearity of the resulting equation for the sum of squared residuals
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III STUDY AREA AND DATA

QOur study area consists of the urbanized parts of five counties 1n the
greater Los Angeles region namely, Los Angeles, Orange, Riverside, San
Bernardino, and Ventura Counties. This region provides an 1deal area for
mvestigating the impacts of employment centers on spatial distributions of
population and employment, because the presence of sigmficant employ-
ment subcenters 1s well known [4, 10-12}]

Data obtamed from the Califormia Department of Transportation
(Caltrans) provide information on population and employment for 1135
“transportation analysis zones,” as defined by the Southern Califormia
Association of Governments (SCAG)® The employment data are derived
from records kept by the California Economic Development Department
as part of its admmnistration of workmen’s compensation msurance * The
matrix of road-network distances between zones, created as part of the
Utrban Transportation Planning Package (UTPP), was provided by SCAG.
The zones cover a total land area of 3476 square miles, therr population
grew from 9 37 muilion m 1970 to 10 51 mullion mm 1980, while employment
grew from 3 95 muitlion to 5 31 mullion.

IV IDENTIFICATION OF EMPLOYMENT CENTERS

Conceptually, an employment center for our purposes should be a dense
concentration of employment large enough to have a potentially dis-
cernible effect on the metropolitan area. The empirical literature provides
a variety of defimtions For example, Dunphy {6] defines centers following
a sequential process requiring specialized information from local scurces
McDonald [22] uses local peaks in gross employment density or in employ-
ment—population ratios Still other definitions are used by Greene [13] and
Gordon et al [11]

3Like census tracts, these analysis zones are aggregates of census bigcks, but they do not
have roughly :dentical population, so “census-tract delineation bias” [7] 1s less hikely to be a
problem For simplicity, we have deleted 150 very low-density zones from SCAG’s onginal
1285, all are remote from the highly developed parts of the region with the exception of 11
largely undeveloped zones mn the Santa Monica mountains which separate the densely
developed West Los Angeles corridor (roughly, Hollywood to Santa Monica) from the more
suburban San Fernando Valley

*In other work on the Los Angeles region [10 35], we have nstead used Census journey-
to-work data defined for the same system of analysis zones (Of the 1146 zones used m [10],
11 are deleted here because they contain no employment in the Caltrans data set } Each data
set has its own disadvantage for locating employment the Caltrans data suffer from
underreporting of small employers, while the Census data suffer from 1nability to locate the
reported workplace addresses of many respondents We behieve the Caltrans data are
supenor for 1970-t0-1980 comparnsons, because SCAG used quite different procedures to
allocate unknown addresses in the 1980 Census data than were avaiable to us for 1970
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TABLE 1
Emptoyment Centers in 1970 and 1980
Total Employment density Distance from
Rank and location employment (employees/acre) CBD (miles)®
1970
1 Downtown L A 502,562 56 11 02
2 West LA 23,965 3375 119
3 West Hollywood 38,097 2677 84
4 L A Awrport 33,500 24 15 171
5 Burbank Atrport 30,800 3337 166
6 UCLA /Santa Monica 24,199 3987 154
7 Long Beach 23,529 3219 258
1980
1 Downtown L A 524,700 46 82 a1
2 WestLA 119,900 27 65 89
3 West Hollywood 49,750 3496 83
4 L A Awport 39,800 28 70 188
5 Burbank Airport 38,650 4187 165
6 UCLA /Santa Monica 31,650 5214 i58
7 Long Beach 22,000 3110 253
8 Downey 26 250 3114 148
9 Santa Ana 21,574 2281 329
10 Van Nuys 21,350 2471 215

?Measured from zone of pedk density 1n center to zone of peak density i downtown Los
Angeles These zones, and hence the measured distances, vary from 1970 to 1980 especially
for the West L A center

We use a version of McDonald’s definition which 1s suggested by
Guubhliano and Small {10] An employment center 1s defined as a contiguous
set of zones, each with employment density above some cutoft D, that
contains total employment above another cutoff £ All contiguous zones
meeting the density criterion are mcluded in the center We refer to the
highest-density zone as the peak In order to have a manageable number
of centers in the density function estimation, we use cutoffs that are twice
as high as those mn [10] D = 20 employees per acre and E = 20,000

These criteria identify 7 centers for 1970 and 10 for 1980 They are
ranked 1n order of total employment in Table 1 and are labeled by these
ranks m Figure 1 The three largest, along with UCLA /Santa Monica,
form a nearly contiguous cornidor extending roughly along Wilshire Boule-
vard from downtown Los Angeles to the ocean The seven 1970 centers
are distributed over the older developed part of Los Angeles County, from
Burbank m the north (in eastern San Fernando Valley) to Long Beach m
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the south The three new centers that appear in 1980 are more peripheral,
especially Santa Ana 1 Orange County (east of Long Beach) and Van
Nuys in northwest Los Angeles County (central San Fernando Valley)

V ESTIMATION RESULTS MONOCENTRIC MODEL

We fit the monoccentric density function (1) by ordinary least squares,
after taking the natural logarithm of both sides and deleting any zero-
density zones We first define the region’s center as the zone of highest
employment density in the region This zone, different for 1970 and 1980,
1s a part of the traditionally defined CBD of Los Angeles, which i turn 18
a {relatively small) part of the center which we have named downtown Los
Angeles. Note that employment density D, 15 the dependent variable 1n
(1) and 1s alsoc used i defining the pomnt from which distance r,, 1s
measured, 1 order to avoid the resuiting correlation between D, and r,,
for the central zone, that zone s omutted m estimating the employment
regression (1). As m Muth [29], the peak zome 1s alsc omitted in the
population regression because land there 1s devoted almost entirely to
employment use .

Table 2 presents the results The gradient estimates () show that the
employment and population distributions were guite flat, with density
declining by only four to six percent per mule Ths indicates a hugh degree
of dispersion As expected, population was more dispersed than the
employment
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TABLE 2
Estimates of Monocentric Density Functions 1970 and 1980
1970 1980
Intercept Gradient No Intercept Gradient No
(4) ) R?  observations (A ) R?  observations
Employment
8 548* 00585* (395 1132 8 795* 00542* 0388 1130
0 673) {0 0022) (0 069) (0 0020}
Population
9 442% 00482*% 0362 1117 9414* 00411* 0350 1123
(0 064) (G 0019 0657 ©0017)

Notes Dependent variable 1s the natural logarithm of employment or population density
{persons per square mile} Standard errors are in parentheses Zones with zero density are
omitted from the 1135 observations, as 1s the central zone of the Los Angeles CBD (from
which distances are measured) R? 15 adjusted for degrees of freedom

* Estinate 1s statistically sigmificant at the 0 05 level, one-sided test

We now examine several questions about the fitted monocentric models
Does the degree of dispersion mcrease from 1970 to 19807 Does the
monocentric model fit less well in the later year? And 1s the CBD really
the region’s center?

Have Monocentric Density Gradients Declined?

The estimated employment and population gradients both declined
between 1970 and 1980, suggesting an increasing degree of dispersion. To
test whether these declines are statistically significant, we perform a test
on the difference of density gradients between the two years. This is done
by estimating

A(lnD,,) =a —Br,, +e,,

where A(ln D,,) = log(D®) — 1og(DL%), and g = b1%0 — b The null
hypothesis 1s B = 0, the alternative hypothesis 1s 8 < 0, mplying that the
distribution became flatter over the decade

The estimated values of 8 (with standard deviation 1n parentheses) are
-0 0067 {0 0008) for population and — 0 0027 (0 0008) for employment. In
both cases, the estimated density function became flatter over the decade
and the null hypothesis of no change is rejected at a 0001 significance
level Hence, the monocentric model provides clear evidence of increasing
dispersion of population and employment between 1970 and 1980
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Has the Monocentric Approximation Become Less Suitable?

Table 2 also shows that the monocentric density functions fit better in
1970 than i 1980, based on the coefficients of determnation (R?) This
finding mmphes that the monocentric approximation has become less
suitable i explamning employment and population distributions, 1t also
possibly indicates a transformation from a monocentric to a more polycen-
tric pattern during the 1970s. These statements are consistent with the
results of Gordon et al. [11], and also with Mulls [25, pp 247-249] who
states explicitly:

As time passes the urban area grows, and centers of economic activity other than the
city center become more important, with the result that distance from the city center
explains less of the variability in the land values

We cannot test this result for statistical significance because 1t 1s likely that
error terms for a given zone are correlated across years

Where s the Real Center?

In the discussion above, we have assumed that the Los Angeles CBD 1s
the monocentric center. However, it has been suggested by Gordon et al
[11] that Los Angeles Awrport acts more like a center to the region than
does the CBD To test this, we reestimated the monocentric density
functions, centermmg them at each of the four largest centers shown n
Table 1, one of which 1s Los Angeles Airport (Each set of four estima-
tions was performed on a common set of observations., which excludes the
four center-peak zones } We adopt the reasoning of Alperovich [1] that the
point best described as the real center is that which produces the highest
R? (1e, lowest sum of squared residuals)

TABLE 3
Adjusted Coefficients of Determination (R?) with Alternative Monocenter Locations

Location of 1970 1980
monocenter Employment Population Employment Population
Downtown L A 0394 0365 0387 3355
West L A 01357 0338 0351 0323
West Hollywood 0346 0328 0341 0314
LA Asrport 0339 G341 9351 0353
No observations 1129 1114 1127 1120

Note Dependent variable 1s the natural logarithm of employment or population density
{persons per square mile) The four regressions shown 1a each column are for a common data
set consisting of the full 1135 zones, less the highest-density zone of each of the four
alternative monocenters, less all zones with zero density
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Table 3 presents the resulting adjusted coefficients of determination
(R?) The fit 15 best with downtown Los Angeles as the center, mn both
years and for both employment and population distributions The R?
values however, do not differ very much across center locations To test
whether the fits using the downtown L. A center are significantly different
from those using other centers, we use the likelithood-ratic test for
nonnested hypotheses developed by Vuong [36] This test computes the
difference in fitted log-likelthood values between two models and com-
pares it to a theoretical distribution that Vuong derives > We find that
models centered i each of the three alternative locations are soundly
rejected, at a significance level ranging from 001 to 00001 for both
employment and population distributions in both years. We conclude that
downtown Los Angeles 1s the strongest center in the region, for the rest of
this paper, “the monocentric model” means the one centered there

VI ESTIMATION RESULTS POLYCENTRIC MODEL

We estimate the polycentric density function (2) for population and
employment, each for 1970 and 1980 In order to reduce collincanty
among the vanables r,,, for different #, we omit the smaller of any two
centers closer than five miles to each other, this criterion eliminates the
UCLA /Santa Momica center., which 1s too close to West L A This leaves
six centers m 1970 and nine m 1980 Hypothesis tests for monocentricity
are carried out based on estimates with these centers For the same
reasons as discussed with the monocentric model, we omit the highest-
density zone of each center n carrying out polycentric estumations; we do
not onut zero-density zones, however, because our dependent variable is
now D mstead of In{(D)

These estimates reveal that one center, Burbank Airport, has a negative
mtercept in the population equation, 1t also has a large gradient (b, = 2 45)

SApplying Vuong’s Theorem 51 [36, p 318], the ratio of the mammized hikelthoods for
models f (assuming one center) and g (assumung a different center) 1s asymptotically normal
with vaniance w? estimated by huis Eq (4 2), p 314,

3

1 & 2 1 & )
&= M’El [log( fm/8m)]” = [‘M" ) log(fm/gm)] .

m=1

where f,, and g,, are the values taken by the corresponding probabiity densities for
observation m, evaluated in each case at the corresponding maximum-ltkelihcod parameter
estimate We are ignonng the extremely remote possibility that the gradients of both
distributions could be zero, doing so enables us to avoid the more cumbersome test applying
to overlapping models
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TABLE 4
Polycentric Employment Density Functions Five Centers
1970 1980
Center Impact Impact
location Intercept  Gradient  (1000s)  Imtercept  Gradient  (1000s)
Downtown L A 572760* 15702% 5154~ 242640* 11179* 496 6*
{41 11) (46 94) (25 52) 9 61) (14 98} (1491)
West L.A 44930 1 6058 389 46131 12740 62 9*
19 ©47) {061) {0 48) (202} {173)
West Hollywood 8438* 01722* 7879 11989* 02238" 668 0%
(213) (186) {136) (286) (2 863 201)
L A Awuport 3201 00240* 4022 6* 4316* 00205*% 6190 7*
228) (195) (G21) (4 55) (319} 673)
Long Beach 23495 07450 843 30236 09237 68 8
©sD (0 85) aon (¢ 49) {0 93) (147
R*=0757 R% =0535

Note Estimated by ponlinear least squares (¢ values are in parentheses Dependent
variable 1s employment density {persons per square mile) Five center-peak zones are omitted
from the 1135 observations R? 1s adjusted for degrees of freedom

* Estumate 1s statistically sigmificant at the 0 05 level, one-sided test

m the employment equation, mdicating a very localized influence.® For
these reasons, we show m Tables 4~7 estimates with the Burbank Airport
center excluded To facilitate comparison between the two years, the
tables also show resulis for 1980 estimated with only the 1970 centers, and
vice versa ' Employment results are shown m Tables 4 and 5, and
population 1 Tables 6 and 7

Furst, consider the employment densities estimated for each year using
just those centers meeting our defimtional criteria for the same year (left
side of Table 4 and right side of Table 5} Three of these centers—down-
town L A, West Hollywood, and L. A Auwrport—have statistically signifi-

% For 5,, = 2 45, the influence from center n falls off 91 4% for a one-mile increase n
distance since for any r,

‘;i e—5,,(r+1)
A =eT2% = 0086
An e—'b"r
"We also tried the multiphcative polycentric density function suggested by McDonald and
Prather [24] Although 1t vielded plausible estimates with expected signs and mostly sig-
mificant coefficients, we do not report it because of its theoretical weaknesses noted in Sec-
tion If
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TABLE 5
Polycentric Employment Density Functions Eight Centers
1970 1980
Center Impact Impact
location Intercept  Gradient  {1000s)  Intercept  Gradient  (1000s)
Downtown L A 318930* 11643* 592 7* 242240* 1 1166* 497 2%
{10 52} (1718) (16 91) (963) (14 96) (14 83)
West LA 6572* 01204 9975 44110 12470 62 8%
223 (122) ©78) 049 (102 (173)
West Hollywood 92488 16338 618 11674* 02026* 794 T*
©34) {0 87) (136) (G oD (272 {189)
L A Aurport 1256 00342 11075 4011* 00224* 52512*
(0 46) (025) (0 26} (378) (290} {4 59)
Long Beach 19059 0 6036 106 7 25531 ) 8051 777
(0 65) 096} (101 058 (101 (137D
Downey 21210 18428 i12 108540 22056 384
(6 02) (0 06) (0 04) @ 04) 017 009
Santa Ana 1064 00097 2444 1 4272 02325 2518
0 44) (0 43) {0 43) 078 (084) (0 73)
Van Nuys 9854 0 8904 276 20448 09294 517
012) 0 25) {0 36) ©27n (058) 0 88)
R? =0537

R% = 0499

Notes Estimated by nonhnear least squares ¢ values are in parentheses Dependent
vartable 1s employment density (persons per square mile) Eight center-peak zones are
omitted from the 1135 observations R? 1s adjusted for degrees of freedom For 1970, R? 1s
smaller than in Table 4 because of the three additional omitted observations

*Estimate 1s statistically sigmuficant at the 0 05 level, one-sided test

cant coefficients both for mtercept and gradient This is modest but not
overwhelming evidence that overall employment patterns are mfluenced
by subcenters Perhaps economes of agglomeration are relatively weak, so
that only a few centers act as attractors to other firms

Population densities, by contrast, are strongly influenced by employment
centers; six of the eight 1980 centers (right side of Table 7) have significant
mtercepts and gradients Thus finding 1s especially important because none
of the previously published results such as [11] base population density on
employment centers It suggests that the standard assumption of urban
economics—that commuting plays a key role in household Iocation—does
retain explanatory power in a polycentric urban structure

We can make this discussion more precise by testing the validity of the
monocentric model as a special case of the polycentric one The formal
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TABLE 6
Polycentric Population Density Functions Five Centers
1970 1980
Center Impact Impact
location Intercept  Gradient  (1000s)  Intercept  Gradient (1000s)
Downtown L A 7433* 00662* 36753 6807" 0 0808* 2532 ¢*
(8 61) (533) (381) (757 (4 88) {4 60}
West LA 3646* 01911 2374 3405* 01802 2478
(1 84) (128) ©70) 173 (120) (0 65)
West Hollywood 5485 03081 1553 3731 02995 1124
(192} (128) © 703 (132 (0 36) 047}
L A Aurport 6981* 00230* 9105 9* 77T 00184* 12012 6*
{6 87) (9 05) (7 08) (7 76) &9 (11 56}
Long Beach 51834* G 9280* 116 8* 58673 10116* 110 1*
{181) (338) (5 33} (159 (319 (5 45)
R? =0523 R? = 0480

Note Esumated by nonlinear least squares t values are in parentheses Dependent
variable 1s population density (persons per square mile) Five center-peak zones are omitted
from the 1135 observations R? is adjusted for degrees of freedom

* Estimate 1s statistically significant at the 0 05 level, one-sided test

test for monocentricity 1s based on the statistic

SSR* — SSR*) /g

<
F= "SRy —p)

where SSR’ and SSRY are the restricted (monocentric) and unrestricted
{polycentric) sums of squared residuals, A 1s the sample size; p 18 the
number of parameters being estimated 1n the unrestricted estimate, and ¢
1s the number of restrictions on these parameters in the restricted esti-
mate Under the null hypothess, this statistic is distributed according to a
central F distribution with degrees of freedom (g, M — p), as shown by
Gallant [8, pp 78-79] for the nonlinear-least-squares estimator used here
In our case, letting N* and N* be the unrestricted and restricted number
of centers, the degrees of freedom are calculated from M = 1135 — NV,
p=2N% and g =2(N" — N%).3 The test results, shown in Table 8,
mdicate that the monocentric model 1s soundly rejected m every case

8The restricted estimate restricts two parameters (A4 n = b, = 0) for each center other than
downtown Los Angeles If only 4, = 0 were mmposed, b, would be umdentified and the
moment matrix (F'F in Gallant’s notation) would be singular, thereby imvalidating the test,
see Gallant [8, p 751
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TABLE 7
Polycentric Population Density Functions Eight Centers
1970 1980
Center Impact Impact
location Intercept  Gradient  (1000s)  Intercept  Gradient  (1000s)
Downtown L A 6308* 00957 18113~ 6046" 01188* 12197
4 78) (273) 204) (523 (238) (152)
West L A 5607" 01356 689 0 5944* 01233* 8652
(289 (154) ©79 (303 175 0 98)
West Hollywood 4797* 02854 160 4 2892 03056 834
(1 82) (110 (0 60) {099 (065) (0 36)
LA Airport 5933* 00218* 8097 2* 5844* 00173* 9503 9%
(4 85) (6 80) (595) (45T G713 (5 68)
Long Beach 53124 09292* 119 3* 54791% 0 9803* 115 3*
(185} (3 46) 542 Q7D (329) (5 48)
Downey 3630* 00718* 17182 3582* 00592* 21849
303) (189 (138 (295 (198) (1 49)
Santa Ana 13023* 0 4796* 170 8* 7682* 0 2809* 312 1%
(1 65) (230) (213) Q27 @237 {1389)
Van Nuys 5802 03603 1171 6712 03570 1272
(113) (1 40} (1360 (130 (1 60) (1 35)
R?*=10539 R? = 0498

Note Estimated by nonlinear least squares ¢ values are in parentheses Dependent
vanable 1s population density (persons per square mile) Eight center-peak zones are omitted
from the 1135 observations R? is adjusted for degrees of freedom

* Estimate 15 statistically significant at the 0 05 level, one-sided test

Examining changes from 1970 to 1980, Tables 4 and 5 suggest a gradual
transformation toward a more polycentric employment structure The ¢
statistics relating to the downtown L A center decreased, while nearly all
the others increased No such clearcut result 1s apparent for population,
whose polycentric pattern was already solidly established in 1970,

We also test the 1980 equations for the hypothesis that of the eight
centers used in deriving Tables 5 and 7, only the five largest (which were
also centers mn 1970) affect employment and population distributions The
resulting test, shown in the last two rows of Table 8, mdicates that the
five-center model 1s not rejected for employment, but 1s for population.
Hence the three new centers that appeared m 1980 contribute only
marginally to explaming the overall distribution of empioyment, but sig-
nificantly to explaining the overall distribution of population More sur-
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TABLE 8
Tests for Smalier Numbers of Centers
Degrees Value of
of test Level of
Null Alternative freedom statistic significance
hypothests hypothesis (q,M-p) Flg,M-p) (a)
1970
Employment Nf=1 NY =67 10,1117 899 < 00001
Population Nf=1 NY = 6° 10,1117 1576 < 00001
Employment N = NV =§ 6,1111 005 =100
Population N'=3 Nt =38 6,1111 619 < 00001
1980
Employment Ni=1 NY =67 10,1117 2361 < 00001
Population Nf=1 NY = §° 10,1117 1320 < 00001
Employment Nf=35 N'=8§ 6,1111 032 = (925
Population NT=35 NU'=3§ 6,1111 447 < 090001

“The Burbank Airport center 1s included 1n these estimates

prisingly, the same 1s true for explaining 1970 densities (third and fourth
rows)” population, but not employment, seems to anticipate the rise of the
new centers This may indicate that employment 1s attracted to preexisting
population concentrations rather than vice versa, an 1dea consistent with
the overall development history of the more outlying parts of the Los
Angeles area, which began as bedroom suburbs and later attracted em-
ployment [9, p 307].

Data on mdustry mix, however, indicate that the three new centers are
far from identical in theiwr functions, so may have been attracted to
population concentrations for different reasons. Santa Ana is predomi-
nantly a service, retail, and admunistrative center, with those sectors
accountmg for 82% and 84% of employment m 1970 and 1980, respec-
tively, hence 1t probably grew to serve consumer markets, m keepmg with
its location near the heavily developed bedroom suburbs charactenzing
northern Orange County 1 1970 Downey, on the other hand, emerged as
a manufacturing center (accounting for 80% and 74% of 1ts employment m
these two years), so 1t more hikely developed in response to labor supply
Van Nuys contained a more balanced industrial mix, but experienced
rapid growth i manufacturing, transportation, commurnication, utilities,
and wholesale industries, whose combined share of employment rose from
44% m 1970 to 60% in 1980; so agamn labor supply seems a likely
explanation for the timing of its emergence as a center.

These results suggest that existing employment centers became stronger
during the 1970s, growimng both 1n size and n their influence on the overall
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pattern of employment throughout the area At the same time, new
employment centers emerged at locations already marking population
concentration, but had little immediate effect on the overall employment
pattern

Tables 4-7 also show the estimated total impact that each center had on
the overall distributions of employment and population, as computed
using Eq (3) Approximate ¢ statistics are shown 1n parentheses ° There 1s
a wide range of total impacts, mmdicating that some centers, such as Los
Angeles Airport and downtown Los Angeles, are much more influential
than others with respect to the overall distributions of employment and
population

Plots of residuals suggest that the variance of the error term mm Eq (2} is
higher where the predicted density 1s large In order to mmprove the
efficiency of our estimators n light of this heteroscedasticity, we reesti-
mated all equations usimng the “estimated generalized least squares”
method of Judge et al {20, pp. 437-439], in which the variance of density
1s assumed proportional to some power p of fitted density D Following
Judge er al but adapting it to nonlinear least squares, we estimated p for
eachAof the models reported in Tablesh4—7 by regressing log(#?) against
log( D), where # 1s the residual and D the predicted density. We then
reestimated the nonlimear regressions after dividing both dependent and
mdependent variables by D?/?

The results for population densities were little different from those
already presented, so are not shown But the heteroscedasticity-corrected
results for employment densities, shown in Tables 9 and 10, differ some-
what from the uncorrected results shown earlier. In the 1980 regressions
with eight centers, the statistically significant centers change West Holly-
wood and L A Aurport drop out, and West L A. and Santa Ana become
strong 1n their nfluence on surrcunding densities Santa Ana now has a
detectable mnfluence even m 1970, despite 1ts being too small to meet our
criteria for inclusion as a center in that year

QIMPACT,, 1s a nonhnear function of two random variables, /i,, and I;,, Knowing their
estimated variances and covariances, we can compute an approximate variance for IMPACT,
from the formula

G'IZMPACT =d'Ld,

where L 1s the variance—covaniance matrix of (A, b,) and d 1s the vector of dervatives of
Eq (3) with respect to 4, and b, See Chow [5, pp 182-183] or Bacon [2] As it happens,
our estimates of /3,, and b, are positively correlated, since A, increases impact and b,
decreases it, fhe to[al mpact 18 sometime estimated with greater precision {greater ¢ values)
than either 4, or b, This 1s especially true for the Los Angeles Airport center
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TABLE 9
Polycentric Employment Density Functions Heteroscedasticity Corrected
Center 1970 1980
location Intercept Gradient Intercept Gradient
Downtown L A 571630 1 5885* 298650* 12704*
291 827 (315) (713)
West L A 61356 17571 70775 15599
©23) (0 65) ©32) © 84)
West Hollywood 8033* 0 1398* 10712% 0 1782*
(4 00) (4 44) (330) {4 23)
L A Airport 2251* 00158* 4088~ 00203*
497) (476} {763) (778
Long Beach 20263 0 6386* 28778 0 8837
(0 99) (163) (0 63) (135)

Note Estimated by method of “estimated generalized least squares (see text) ¢ values are
mn parentheses (not corrected for endogeneity of the estimated heterscedasticity pattern)
Dependent vanable 1s employment density {persons per square mile) Five center-peak zones
are omutted from the 1135 observations

*Estimate 1s statisticaliv significant at the 0 05 level, one-sided test

The mmfluence of Los Angeles Airport is of special mterest because
Gordon er al [11] have suggested that 1t 18 a more important center than
downtown Los Angeles Our uncorrected estimates show the amrport
center to have a larger impact than downtown, due to its very small
estimated gradients (about two percent per mule) ! Furthermore, accord-
g to those estimates the mfluence of downtown Los Angeles declined
over the decade, although :ts impact remams mportant (second or third m
rank),! while that of the amrport center increased over the decade
However, the L A Aurport center seems to lose all its explanatory power

Oyye thought the importance of L A Awrport mught be due to its location on the ocean
shore, but its large impact remamns even when we add a vanable to the population density
equation measuring distance to the ocean Furthermore, the Long Beach center, also located
at the shore, does not have an especiaily large nfluence

Uyserkkila et @/ [18] and Richardson et al [32] examne housing prices, finding 4 sumilar
decline 1n the influence of downtown L A from one of statistical significance m 1970 to one
of wmsignificance in 1980 However, we mterpret our results as indicating that downtown L A
18 still important in explaiming population densities mm 1980 1its coefficients are both statisti-
cally significant, and the estumated ¢ statistic on IMPACT 1s borderline, given the approxima-
tion involved and the appropnateness of a one-sided test Hence downtown Los Angeles
remained a potent If somewhat diminished nfluence on population i 1980, and we must
look to counteracting influences, such as amemties, to explain 1ts weak effects on housing
prices
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TABLE 10
Polycentric Employment Density Functions Heteroscedasticity Corrected
Center 1970 1980
location Intercept Gradient Intercept Gradient
Downtown L A 414830* 13741* 269080* 11934*
(302) (783) (32D (720
West L A 6877* 0 0894* 8124* 00753*
(5 84) (4 86) 619 (399
West Hollywood 1016890 1 7446 53698 1 1561
(0 36) (104) (062) (126)
L A Aurport 890 00861 1107 00032
{102} (052) {120 3
Long Beach 18021 05717* 11492 04156*
(113) 1D (122 179
Downey 66137 26126 160130 23525
0 03) ©012) (0 08) (0 35)
Santa Ana 1216* 0 0100* 5011* 0 1913*
5357 Gon (2 06) (229)
Van Nuys 22926 14277 42175 13193
15 (0 46) (G24) ©72)

Note Estimated by method of “estimated generahzed least squares” (see text} ¢ values are
1n parentheses, they are not corrected for endogeneity of the estimated heterscedasticity
pattern, so are probably overestimates The dependent variable i1s employment density
(persons per square mile) Eight center-peak zones are omutted from the 1135 observations

*Estimate s statistically sigmificant at the 8 05 level, one-sided test

on employment when the heterscedasticity correction is applied There-
fore, we remain dubious about suggestions that downtown has been
eclipsed by the airport 1n its mnfluence

VII GINI COEFFICIENTS AS MEASURES OF DISPERSION

With the pelycentric density functions, we cannot determine whether
population and employment became more dispersed unless all estimates
of density gradients changed in the same direction The results presented
i Tables 4-10, however, suggest that gradients mcreased for some centers
and decreased for others

In order to examme the change m overall dispersion, therefore, we
compute Gim coefficients of the distributions The Gint coefficient mea-
sures the degree of deviation of an actual density distribution from a
uniform distribution, n this case “uniform” meanmng evenly dispersed
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over space The coefficient 1s defined as the fraction by which the area
under the Lorenz curve exceeds what 1t would be if the Lorenz curve were
a straight line In our case, the Lorenz curve 1s cbtamned by ordering all
our zones from lowest to highest density, and then plotting cumulative
geographic area agamst cumulative population or employment Ths calcu-
lation uses the raw data, not the estimated density functions A smaller
Gim coefficient mdicates a more umiform distribution, 1e, more disper-
sion.

The results m Table 11 show that the Gm: coefficients for both the
population and the employment distributions decreased between 1973 and
198G This reinforces our earlier conclusion, based on monocentric density
functions, that both population and employment became more dispersed.

The Guu coefficient aiso can be used to compare dispersion in subre-
gions such as individual counties To avoid a possible bias caused by
mcluding different amounts of low-density outlying land mn different coun-
ties, we use a density cutoff, excluding zones with density lower than the
cutoff value The Gim coefficient, in this case, measures the degree of
dispersion for the well-developed arcas mn these counties Our density
cutoff 1s 1 5 persons per acre for employment and 3 ¢ persons per acre for
population, which i1s approximately the highest density of any of the zones
that we had already deleted from our data set (see Section II)

Table 11 shows such modified Gim coefficients for the region’s two
largest counties In each case the Gmm coefficient i1s smaller in 1980,
suggesting that the distributions became more dispersed. this confirms the
finding of Gordon et al [11, p 168, Table 8] for population, and extends 1t
to employment We also note that it each year employment was more
dispersed m Orange County than 1n Los Angeles County The same 15 true
for population i 1980, but 1970 population is surprisingly less dispersed in
Orange County than m Los Angeles County. This probably reflects the
high 1970 concentration of Orange County’s population mn bedroom sub-
urbs at the northwest end of the County (bordering L A. County), and the

TABLE 11
Gun: Coeflicients for Population and Employment Distributions
Region Los Angeles County* Orange County®
1970 1980 1970 1980 1970 19890
Employment 0774 0745 0502 0 468 0399 0331
Population 0 658 0615 (318 0293 0336 0226

*In the single-county calculations for employment or population distribution, zones with
densities below 15 employees per acre or 3 0 residents per acre, respectively, are exciuded
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subsequent dispersal of population toward the southeast as employment
grew there during the 1970s

VIII CONCLUSIONS

We have estimated monocentric and polycentric density functions for
both employment and population, using 1970 and 1980 small-zone data for
the Los Angeles region. The findmgs are:

(1) Downtown Los Angeles 1s identified as the monocentric center
giving the best statistical fit, for both employment and population distribu-
tion m both 1970 and 198G In the polycentric employment estimations,
downtown Los Angeles 1s the most statistically reliable center and has by
far the largest mtercepts In the polycentric population estimations, down-
town Los Angeles has no such clearcut dommance

{2) The estimated monocentric density gradients suggest that both
employment and population became more dispersed during the 1970s
Lorenz curves relating cumulative employment or population to cumula-
tive area confirm this.

(3) The fit of the monocentric density functions became somewhat
worse 1n 1980, mndicating that the monocentric approximation became less
suttable

(4) Additive polycentric density functions using predefined employ-
ment centers are practical to estimate using nonlinear least squares and
are statistically superior to monocentric density functions on these data. In
all cases, the monocentric model 1s soundly rejected in favor of the
polycentric model using an F test. The polycentric estimates seem reason-
ably precise and robust in the case of population, but less so 1 the case of
employment

(5) In the case of employment distribution, there was some shift
toward a more polycentric pattern during 1970s For population, the
polycentric distribution was already pronounced m 1970 and persisted
1980

(6) Fmally, the newly emerged centers mn 1980 contribute only
marginally to explaiming the overall distribution of employment, but they
contribute very significantly to explamning the population distribution, even
m 1970, suggesting that these employment centers may have emerged
because of preexisting population concentrations

REFERENCES
1 G Alperovich, Density gradients and the identification of the central business district,
Urban Studes, 19, 313-320 (1982)
2 R Bacon, A note on the properties of products of random variables with reference to
ecenomic applications, Oxford Bulletn of Economics and Statistics, 42(1), 337-344 (1980)



312 SMALL AND SONG

3

4

10

1

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

R Bussiere and F Smickars, Derivation of the negative exponential model by an entropy
maximizing method, Environment and Planming A, 2, 295-301 {1970}

R Cervero, “America’s Suburban Centers The Land Use-Transportation Link,” Unwin
Hyman, Boston (1989)

G Chow, “Econometrics,” McGraw-Hill, New York (1983)

R Dunphy, Defining regional employment centers 1n an urban area, Transportation
Research Record, 861, 13-15 (1982)

M Frankena A bias in estimating urban population density functions, Journal of Urban
Economues, 5§ 35-45 (1978)

A Gallant, Nonlinear regression, dmerwan Statistician, 29(2), 73-81 (1975)

G Gubano, Is jobs—housing balance a transportation issue?, Transportation Research
Record, 1365, 305-312 (1991)

G Guuhane and K. Small, Subcenters in the Los Angeles region, Regional Science and
Urban Economucs, 2%, 163182 (1991)

P Gordon, H Richardsor, and H Wong, The distribution of population and employ-
ment m a polycentric city The case of Los Angeles, Environment and Planning A 18
161-173 (1986)

P Gordon, H Richardson, and G Guuhano, “Travel Trends in Non-CBD Actvity
Centers,” Final Report, Urban Mass Transportation Admunstration U S Department of
Transportation (1989)

D Greene, Recent trends in urban spatial structure, Growth and Change, 11, 29-40
(1980)

D Greene and J Barnbrock, A note on problems in estimating e¢xponential urban
density models, Journal of Urban Economucs, 8, 285-290 (1978)

D Onffith, Modelhng urban population density in a multi-centered city, Journal of
Urban Econorucs, 9, 298-310 (1981)

D Gnffith, Evaluating the transformation from a monocentric to a polycentric city,
Professional Geographer, 33(2), 189-196 (1981}

B Hamlton, Wasteful commuting, Journal of Political Economy, 98, 1035-1053 (1982)
E Heikkila, P Gordon, J Kim, R Pesser, H Richardson, and D Dale-Johnson, What
happened to the CBD-distance gradient? Land values in a polycentric city, Environment
and Planrung A, 21, 221-232 (1989)

R Helsley and A Sulhivan, Urban subcenter formation, Regional Science and Urban
Econorucs, 21, 255-275 (1991)

G Judge, W Gnuffiths, R C Hill, H Lutkepohl, and T-C Lee, “The Theory and
Practice of Econometrics,” Wiley, New York (1985)

P Kemper and R Schmenner, The density gradient for manufacturing industry, Journal
of Urban Economuics, 1, 410-427 (1974)

J McDonald, The identification of urban employment subcenters, Journal of Urban
Economucs, 21, 242-258 (1987)

J McDonald Econometric studies of urban population density A survey, Journal of
Urban Economucs, 26, 361-385 (1989)

J McDonald and P Prather, Suburban employment centers The case of Chicago, Urban
Studies, 31, 201-218 (1994)

E Milis, The value of urban land, i “The Quality of the Urban Environment”
(H Perloff, Ed ), pp 231-253, Johns Hopkins Press, Baltimore (1969)

E Mills, “Studies in the Structure of the Urban Economy,” Johns Hopkins Press,
Baltimore (1972)

E Mulls and K. Ohta, Urbamzation and urban problems, i “Asia’s New Giant How the
Japanese economy works” (H Patrick and H Rosovsky, Eds ), pp 673-752, Brookings
Institution, Washngton, DC (1976}



28
29
30

31

32

33

34

35

36

37

38

POPULATION AND EMPLOYMENT DENSITIES 313

E Milis and B Hamilton, “Urban Economiucs,” Scott, Foresman, Glenview, IL (1989)
R Muth, “Cities and Housing,” Univ of Chicago Press, Chicago (1969)

G Papageorgiou, The population density and rent distribution models within a multicen-
tre framework, Enuvironment and Planning A, 3, 267282 (1971}

Y Papageorgiou and D Pmes, The exponential density function First principles,
comparative statics, and empirical evidence, Journal of Urban Econonucs, 26, 264-268
(1989)

H Richardson, P Gordon, M Jun, E Heikkila R Pewser, and D Dale-Johnson,
Residential property values, the CBD and multiple nodes Further analysis, Environ-
ment and Planmng A, 22, 829-833 (1990)

M Romanos, Household location 1n a linear multi-center metropolitan area, Regional
Science and Urban Econorucs, 7, 233-250 (1977)

K Sasaki, The establishment of a subcenter and urban spatial structuire, Environment
and Planning A, 22, 369-383 (1990)

K Small and S Song, “Wasteful” commuting A resolution, Journal of Poliical Ecor-
omy, 100, 888-892 (1992)

Q Vuong, Likelihood ratio tests for model selection and non-nested hypotheses, Econo-
metrica, 57 307-333 (1989)

M Wlute, Firm suburbamization and urban subcenters, Journal of Urban Economucs, 3,
323-343 (1976}

M White, Location choice and commuting behavior in cities with decentralized employ-
ment, Journal of Urban Econonucs, 24, 129-152 (1988)





