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WHEN AND WHERE ISA CITY FRACTAL?"

L .Benguigui?, M.Marinov, D.Czamanski and Y. Portugdli

Abstract. The paper presents an analyss of the development of the Tel Aviv metropolis
using the concept of fractal. The fractal dengity of the whole urban ensemble and of its parts
was estimated as a function of the time, from 1935 on. The centrd part and the northern tier
isfractd a dl times. Its fractd dimension increase with time. However, the whole ensemble
can be said to be fracta only after 1985. There is a generd tendency toward fractdity in the
sense that the fractd dimensions of the different parts converge toward the same vaue.

INTRODUCTION

Ever since the concept of “fractd” was proposed by Mandelbrot [1983], it has
been applied extensvey to describe a variety of physcd phenomena (see for example
Heischmann, et. d., [1989)]). In recent years the concept has been applied in the context of

human geography as well. In two recent books, by Batty and Longley [1994] and by
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Frankhauser [1994], the cdlam was made that urban morphology is fractal. A number of
studies have reported estimates of the fractal dimengon of severd large cities. The estimated

values reported are around 1.7, and sometimes larger (see Anas et.al. [1998]).

There are a number of issues concerning urban morphology that have not received
aufficient atention. It is not self-evident, for example, that dl cities are fractdl. It is not sdf-
evident that fractdity is a generd property of dl cities. Should it become evident that some
urban structures are not fractd, it will become interesting to classfy cities according to the
type of morphology that they exhibit. It will become interesting to explan why the
development of some towns has a fractal character and why in some cases such
characteridtic is absent. Furthermore, Batty & Longley [1994] have reported that the fractd
dimension, D, of London changes over time. A smilar result was reported concerning Berlin
by Frankhauser [1994]. These results suggest that it is quite likely that a city becomes fracta
only a some stage of its development. The third issue concerns the limits, or boundaries, of
urban phenomena. It is not easy to define them a priori and it is not clear whether assuming
different boundaries would yidd different estimates of fractd dimensons. As an example,
one can congder the case of London. If one takes the vaues of D as reported by Batty and
Longley, it is noteworthy that D does not increase regularly but exhibits an isolated maximum
in 1840. This does not seem very reasonable. The source of this strange result may bein the
choice of city limits. It is possble that different boundaries would have yidlded a different,

and perhaps more reasonable, result.




The study reported on herein is concerned with the above issues and in particular
with the morphology of the Tel Aviv metropolis from 1935 to 1991. The purpose of the
sudy was to determine the fractd dimension as the function of time for the whole urban
ensemble and for different parts of it. The important conclusion of this work is that only the
northern tier of the metropalis is fracta throughout its history, while the whole ensemble
appears to have become fractal only recently. However, there is a clear tendency towards
fractaity of the entire ensemble. We conclude that the use of the concept of fractd must be
with some caution and that a criticd examination is necessary before deciding whether a city

isfracta or not.

THE METHOD

The bads for our estimates of the fractdity of the Tel Aviv metropalisis a series of
maps of the Td Aviv ensemble that were prepared by Portugdi as part of a study of urban
growth. The series of maps from 1935 to 1991 is displayed in figure 1.

To determine the fractal dengty of Te Aviv the box counting method was used. The
choice of method is important as it can affect the concluson whether an object is fractd or
not. According to this method, a grid made of squares, or cels, of Sze | covers the object
under study. Then, the number of cdlsin which a part of the object appears is counted (see
figure 2). The resulting number is a function of the exact Sze of cdls i.e of |. A series of
vaues of | were taken. At firg the Sze of a square in which the entire object is contained

was defined asL. Thusl, = L. The next vauel, is equa to L/2. Theith vaueof | isli = L /(2



). Inour case, the greatest value of theindex i is9. Since 2° = 512, the value of L is chosen
equa to512 and lg= 1.

The maps of Td Aviv were digitized by means of a scanner and with the help of a
computer, the series of vaues of N;, corresponding to the series of vaues of || was
determined.

In the next step, the points (log N, log I;)) were plotted. In the idedl case of a fractd
object, the reault is a perfect draight line with a dope equa to -D. D is the resulting
estimate of the fracta dimengdon (for demongration of this point, see Vicsek [1989], and
Batty and Longley [1994]).

In the ided case, the fracta dimension is estimated by a regression fit of a Sraight
line that bext represents the didtribution of the individud point estimates. Modern cities,
however, have time-limited histories and thus a limited number observations is possble. To
overcome the limited number of observations an dternaive computerized fitting program
was used. Always, it yiddsestimatesD = d, where d is an estimation error. To conclude
whether an urban object is fractal indeed, it is imperative to choose the maximum vaue of
acceptable d. To build-in a greater sengtivity into the results, two extreme examples were
plotted in figure 3. The figure presents results (Log N versus Log |) for the entire ensemblein
1952 and for the centrd part in 1991 (below, the limits of the central part are presented
separately). It is evident that in the first case, the points are not on a straight line and the
object is not fractd. Thisis despite the fact that the computerized result yields avaue for the
dope of the line in figure 3. But in the second case, the draight line is a very good
goproximation of the digtribution of the point estimates and it can be concluded that the

object isafractd.



In the case of a paucity of observations there does not seem to exist arigorous rule
to define the largest acceptable vaue of the error, d,,. But, even a casud visua inspection
seems to suggest that afar vaue for dy, is 0.040. There is some ahbitrariness in this visud
ingpection and in the resulting decision. Yet, it does not modify serioudy the conclusons,
inasmuch as in the extreme cases there does not seem to be any ambiguity as to the result.
For some intermediate cases, however, the results may be less obvious, thus requiring some

caution in ther interpretation.

THE MAPS AND THE DIVISIONS

A geographic map of the Tel Aviv metropalis is presented in figure 4. The Structure
of the whole ensamble is vigble clearly. The seacoast limits the development of the town on
the west. The city of Tel Aviv can be seen at the center of the ensemble. More than twenty
smaller towns are dispersed around the center.

The maps used for the estimation of the fractd dimension are shown in figure 1. The
maps indicate in black the ground surface occupied by buildings only. Markings of land
occupied by roads and streets have been removed.

Three regions were chosen (see figure 5). For each of these, the series of values of
the quantities Log N;, log | was determined. The vaues of D and of d were estimated by
means of the above-described fitting program. The fird region is the central part (region 1).
It contains Te Aviv and the five towns that are contiguous to it (Givataim, Rama Gan, Bnel
Brak, Holon, Bat Y am). The common characteristic of these towns is that they were dways

urban centers, while the mgority of the other towns in the ensemble began as agricultura



Stlements. This is evident from the examination of the evolution of thelr population over
time. For the towns belonging to the centra part, the curves do not exhibit any anomay at
the time of the creation of the State of Isradl (1948). Other towns display an upward
discontinuity a thistime.

The second region includes the centrd part and the northeast part of the entire
ensemble. It was chosen because visudly the built area in this region gppears to be more
devel oped than in the south.

Findly, the third region is the entire ensemble. It is a this geographic scae that the
problem of the region’s boundaries becomes gpparent. On the east there is no issue as to
the boundary. Thereis a“naturd” boundary since urban expandon is limited by the frontier
between Israel and the occupied territories. The boundaries in the north and in the south
were chosen so that beyond the boundaries the main land use is agriculturdl. It is a rather

loose definition. Y, it should not cause an important error in the resulting conclusions.

THE RESULTS

Resaults for the three regions are presented in two forms: in table | and in figure 6.
Ingpection of the table suggests that region 1 is dways fractd. It displays a smdl error,
adways smdler or equd to 0.025. As was dready evident from inspection of figure 3, the
qudity of the fit for the curve Log N versus Log | is very good. Thus, without hestation, it
can be concluded that the centra part of the Tel Aviv metropolisisfractd. It is dso evident
that over time D increases from 1.533 to 1.809 with a smal discontinuity (or rapid increase)

between the years 1971-1978.



Region 2 is fractd over the entire study period. Thisis because a al times the error
is smdler that the maximum vaue we defined above. However, the vaues of D are much
andler that those of region 1 (centra pat). The rapid increase of D is cdearly evident
between the years 1941 and 1952, a period during which these settlements experienced an
intensive population growth. The difference in the values of D for regions 1 and 2 decreased
regularly. In 1935 the difference was 0.221 and in 1991 it became equa to 0.142.

For region 3, the entire ensemble, things are different. The error is reaively large
and only after the year 1985, one can say that the Td Aviv metropalisis fracta. To support
this concluson, we display in figure 7 the curve Log N versus Log |, for the year 1991.
Effectively, a graight line is a good fit. Here aso the anomaly between the years 1942 and
1952 is evident.

A comparison of the three curves presented in table | and in figure 6 suggests a
tendency towards fractality. It can be observed that thereis agenerd trend of increase in the
vaues of D. Assuming a linear increase from 1978 on, it is evident that the dopes of the
three regions are increasing, from region 3 to the region 1. From alinear extrapolation of the
three curves, it seems that they will converge around the year 2010.

To conclude this section, a comparison between regions 1 and 3 is presented.
Region 1, that was dways an urban ensemble, is fracta with an increasing fracta dimenson
D. In 1991, D had a smilar vaue to other large cities, such as Paris and London. Also,
there is a ragpid increase between 1971 and 1978, dthough there seems to have been no
marked event during this period (but, more on this point below).

Region 3 exhibits an important change around 1950 when a large immigration waive

took place immediatdly after the creation of the state in 1948. Thisis expressed by the rapid



increase of D during this period. Later on, a regular increase of D is observed. But, the
ensemble becomes fractal only after 1985. It is a consequence of the choice of d,. Snce d
decreases from 1971 on, one expects that after 1991 this decrease will continue. Therefore,
even with a different choice of dn,, it is likdy that region 3 would become fractd, but a a

somewhat later time.

DISCUSSION

The firgt and most important conclusion from the above is that regions 1 and 2 of the
Td Aviv urban ensemble display a spatid evolution that follows afractd pattern.

Three periods in the development of the enter are distinguishable: before 1940,
between 1942 and 1971, and after 1971. Only one vaue of D was estimated for the first
period. In the second and third periods, D increases linearly with a smaller dope in the third
period. It is interesting to compare the evolution of the population during these periods (see
figure 8). From 1950 to 1975 the population increases linearly and there is no sign of rapid
variation in D vaues between 1971 and 1978. After 1975 and until 1990, the population of
region 1 is practicdly congtant while D increases dightly. One can conclude that this last
increase in D is due to building for other land-uses, rather than for resdentid housing. In
fact, it iswell known that an important business center has been developing during the 1980s
in the core of the metropalis. During the same time period many of its resdents moved to
various more remote suburban locations.

Asfar asthe entire ensemble is concerned, the discontinuity in D between 1942 and

1952 indicates the birth of the metropalis as a large urban ensemble. Before the creetion of



the state and the large immigration waves tha followed it, the urban ensemble was in its
centrd pat only. Vey shortly theresfter, numerous settlements were progressvely
transformed into secondary urban centers.

Since the north part is fractal, but the whole ensemble is not, it must be concluded
that the south part of the metropolis was not fractal until 1985. This concluson was verified
directly. It is noteworthy that nothing specid occurred in the T Aviv metropolis, nor in
Isradl, in 1985. Yet, the resulting finding suggests that the structure and the growth mode of
the north and the south (excluding the centrd part) were completely different. In other
words, the Td Aviv metropalisis heterogeneous. Here then, the observer is confronted with
an unexpected Stuation. On the one Sde, it must be concluded that the Tel Aviv metropolis
is not fractal before 1985, implying different development patterns for different parts of the
metropolis. But on the other hand, it can be concluded that before 1985 the south part is not
an organic pat of the metropolis. An intermediate point of view is possble as wdl.
Accordingly, the south belongs to the ensemble and only progressively its fractd nature
appears.

No matter which interpretation is adopted, the clear tendency of the metropolitan
ensemble towards fractdity is an interesting behavior. It is expected that in less that fifteen
years the ensemble will have a uniform fractd dimengon (around 1.8). It is entirdly plausble
that a that time the boundaries of the metropolis will be different. This, then, is a pecid
feature of the urban growth: fractality appears progressively. In other words, it is probable
that alarge town is not dways fractal but becomes fracta a some stage of its development.
It should be very interesting to find the phenomena associated with gpparition of fractaity.

Thiswould dso be important for the understanding of the concept itsdlf.



The patterns of gpatia evolution described above, namely the transformation of the
urban structure of region 3 around the year 1985 from non-fractal to fractd and the rapid
change of D of the centrd part between 1971 and 1978, require an explanation. Severd
aspects of regiona growth and development were considered.

The rate of population growth of the entire region during the 1970s does not indicate
any dgnificant changes that might explain the essentid change in vaues of the fractd
dimenson D. On the other hand, an examination of Isradl’s redl per capita Gross Domestic
Product (GDP) provides convincing evidence of rgpid economic growth in the late 1960s
and the early 1970s, as compared to the uniform and amost linear growth since 1950 and
until today (figure 9). This change in growth patterns is attributed usudly to the influence of
the Six-Day War on the Isragli economy. The
increase in the nationa product resulted, among other things, in increased volume of business
activity and in improvement in the population’s sandard of living.

One of the expected byproducts of economic prosperity was improvement in the
housing stock of the population of big cities in the centrd part of the country. To achieve
higher housing standards residents of cities migrated to locations with newer and more
gpacious housing. Generdly, the intra-urban migration was away from the centrd city of the
metropolis and toward suburban communities in a rurd environment. Hence, following the
rapid economic growth between 1967 and 1971 the population of the older urban centers
goread out to the countryside. Generaly, the new housing developments were around
exiging smdl towns within the Td Aviv metropolis. This legp-frogging process (see
Benguigui et. a. [1998]), increased the homogeneity of the built area and the extent to which

the development filled the open space of the metropoalis.
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The spread of urban activities around main urban poles was responsible for the
observed change in the fractd dimension in region 3. It is likely that this “1960/70s’ effect
firs gave an impetus to the development of the business sector, and the associated
expansgon of commercid building stock in the centrd part of the metropolis, and only
afterwards to the growth in housing stock. There seems to be no doubt that it gaveriseto a
discontinuity in D between 1971 and 1978 and to fractdity of the whole ensemble.

Findly, and most importantly, there is no interpretation, or indeed a modd, that
provides an explanation of the increase in the fractd dimendon as growth takes place
(Vicsek, Mandelbrat). All the modds of fractd growth maintain D congtant. This can be
understood very eadily in the case of deterministic fractals, where afractd is created by sdif-
amilarity (Manddbrot). It seems that this is a particular property of town growth and this

point necessitates further investigation.

CONCLUSIONS

From our study of the Tel Aviv metropolis two important conclusions are suggested.
Firg, fractdity gppears in some areas of the urban ensemble a early stages of its
development, such as in the central part and the north east region, and in some area it
evolves progressively, as in the case of the entire ensemble. This finding suggests thet in the
same ensemble different parts have their own mode of development. The second finding is

that the fractd dimension increases over time. This clearly means that the dendty dso
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increases with time. But, the structure of afractal is consarved, i.e. it has the same structure
a different scales. It is not clear why a town is indeed fractal. Important effort has to be
made in order to relate fractdity to the other properties of town growth. The tentative
interpretation of the sudden variation of D of the centrd part between the years 1971 and
1978 and gpparition of a fractd city after 1985 is suggestive of the type of explanaions

needed.
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