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Abstract

We compare the fractal indices of the power grid .. the city of Grenoble (France)
to those computed on the spatial organization . € tuc buildings and the road
infrastructure. We assess the fractal dimensions and t. e curves of scaling behavior
and conduct a concordance analysis. We study du."~ver ¢ districts within the city and
compare the power and road networks with th. built-up patterns. We show the
importance of using carefully data sets - _... Jifferent sources and how it
could sometimes make major differences .“ead of further use. We conclude
on the optimality of the spatial coverage ¢. ...  Yictribution network in Grenoble
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1. Introduction

Urban infrastructure analysis has s. ifted recently from the original considerations
about housing and urban segrega.'~n (0 a more systemic view of new facilities and
utilities taking into consider .tio’. urban metabolism and vulnerabilities, smart cities,
communication networks a. { ~rban networks (water, roads,..)[1]. Complex
relationships between thr irban structure and daily mobility were investigated and
scrutinized in the literature [2-:,".

Power systems are ¢ key infrastructure of smart cities. They are supposed to become in
the future more and m. ~ scaling because they are made of recursive assembly of active
devices, smart buil .ing3, m.cro-grids, district grids ... Studying the relationships of the
power grid with rel~t.d r :tworks within this urban structure is getting more attention
as part of plann°..g mo1. sustainable, energy efficient future cities[6-8].
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Classical approaches used to investigate power systems are mono-scale; hence they
do not allow to comprehend complex systems with structural elements r cten belonging
to different scales. Understanding this complexity helps design flexivle o resilient
architectures for the optimization of smart grids operations. This is a .n.‘or challenge to
increase efficiency and to avoid or better manage random breakdowns.

Moreover, at an urban level, power networks provide energy -~cces. to buildings.
Their spatial development should thus be correlated to built-1, Hatte.as. We may as
well expect that power networks go through existing corrido <. w aiciy means here the
street networks. Therefore, it seems interesting to explore +~ wi. * extent the current
power grid fits the existing built-up spaces and road netwc rk. Th s will lead to a better
perception of how the current power grid spatial coverage is w’.h regard to the road
network. These results would ultimately be used to r. opr ~ a reconfiguration of the
existing urban structures but and also a new architectw. . for [uture planning of urban
districts.

Traditional models such as complex network. theory [9], stochastic geometry or
random graph do not consider geometrical, func. ~na: «nd dynamical aspects of a city
and its associated networks at the same time M~! "'~ ,ce, we carry out a fractal-based
approach to analyze the properties of power syste. s and understand their organization
across scales. To show the usefulness of our 1p _~<h, results are shown for Grenoble’s
Medium Voltage network. We will focus on ie structural concordance between the
power grid, the road network and the builcCiu -

We use in this paper geographic ~fom ation system files from both the local
distribution system operator in Grenoble \, ~wer system data) and the National Institute
of Geographic and Forest Information /™ ~ads and buildings). However, databases refer often
to non-geographical context, e.g. v arallel »ower lines running in the same road space are
spatially separated by an arbitrary dis.~nr 2 which has no actual meaning. Hence, to have a
non-biased analysis, we look .irs’ intn the data sets and clean the mis-referenced data
out. Then we identify the crnsc _mer ces of this correction on the fractal analysis of the
networks. The analysis is f .. -t performed at a city level and afterwards, we proceed with
a local investigation of the fra.tal behavior of three different areas in the city. The
analysis results are user to ¢ arry out different concordance analysis: power grid vs roads,
power grids vs buildings ~ 1d roads vs buildings and to conclude on the optimality of the
spatial coverage of ‘ ne ‘listrioution network in Grenoble.

2. Theoretical packground
2.1. Introdu~tio,. *~ iistribution power systems

The po ver sy tem has three levels starting from the main transmission system and
intercon’ ~~tars, which carry large quantities of electricity at 400 kV or 225 kV over long
distances ."’a low levels of losses (sometimes called “energy highways”). The energy is
delivered ati rwards to regional sub-transmission networks, which distribute energy
within regions and supply electricity to the public distribution networks and large



industrial consumers. The voltage range goes from 225 to 63 kV. 20 kV and 400 V
distribution networks come last and supply electricity to end consumers at medium
voltage (small businesses) or low voltage (households, tertiary sector, ligh industry) [11].

The French electricity network is managed by 8 operators: RTE (or 1. ~g-distance
electricity transmission, and seven electricity distribution system ope’ au. rs (DSO) which
serve over 100,000 customers. The main DSO is Enedis, wi.cb serves 95% of
continental metropolitan France. Besides Enedis, there are six loca. ~ner« ors: SER (City
of Strasbourg); URM (City of Metz); Gérédis (French departmer’. ..>s Deux Sevres); SRD
(City of Vienne); GEG (City of Grenoble); EDF’s insular power vst' ms department (EDF
SEI), which serves Corsica and most of France’s overseas territ+ories.

The coherence between the distribution grid and 1rban .=rritory is still to be
investigated and has been raising more interest due to the n. ~ds f,r optimal solutions to
deliver power to urban areas [12]. The coverage of thr urk ~ space by the power grid
results from the objective of delivering power at any vo.__. of *ae city while lowering the
cost and maximizing the robustness. The indices of the ~ncordance between the power
grids and urban systems will give us a metric to ass. s how )ptimal the system is.

2.2. Why using fractality to analyze the power gi . 7?

The fractal concept was introduced in the 1966, when B. B. Mandelbrot published
"How Long Is the Coast of Britain? Statisticai Se r-similarity and Fractional Dimension"
and defined fractals as self-similar patter. = whe -e the fractal object replicates itself the
same way at different scales.

Fractal geometry has been widely a.. rau.er successfully used for over twenty years
in disciplines like meteorology, biology, physics, thermodynamics, art, history,
philosophy of seismology but alsc m z~ography [13]. While considering urban fabrics,
fractal analysis turned out to L~ a pc verful instrument for exploring their spatial
organization[14-20]. Public tr .mnsnor.. cdion networks were considered as well [21, 22]
and showed a connection bet ee 1 be .h built-up spaces and street networks [23].

The fractal approach ‘s geo. ‘rical, which makes it possible to study spatial
phenomena either by usi 1g . ~ference models or morphometric fractal measurements.
By using fractal measur .. ~ents, we can verify the existence of hierarchical scaling laws
in spatial distributior = Bring able to study a phenomenon throughout different scales
provides the possibi’ity 0. Yiscovering thresholds or breaks within spatial organization.
A morphological cla sifiration of networks becomes possible as this approach
highlights the interna. ~r janization which does not appear using other approaches.

Urban fabri s and . <lated networks are usually not issued from any coherent planning process
and show no ob -ous ‘ pecific organization. However, they are deeply multiscale, reaching
the metropc’itan s~ale to that of buildings. Hence, using fractals seems to be an interesting
way to chai xcteriz . these forms and unravel the complexity of underlying layers, which is
astep furtheru.ain classical Euclidian approaches.

The 1°aia tunction of networks is to connect the urban fabrics to a service as
optimally a. possible. Their topology must ensure to get the service to as much of the
urban fabric as possible, which could mean lengthening of paths. But in the meantime,



to minimize the overall length of the network, they are spatially organized according to
a hierarchical system of ramifications. This reminds the basic properties of fractals
[24].

Beyond current methods used in fractal analysis, we use a spec.~ method
introduced in [23] : the concordance analysis allowing a direct roun »arison across
scales of different networks or of a network and a built-up space. T. s - llows exploring
how spatial organization follows the same logic across scales of bow.. exp.. red systems.

2.3. Fractal analysis

Let us remind the definition of the fractal dimension. .ract:!s are self-similar. By
zooming in or out from the structure, we always find the < \me s} ape. This means, that
while considering an arbitrarily chosen zone of size [ of *Lic structure, the number M of
elements (e.g. points or network length lying within t. ic _on¢) scales according to the
power law

M(l) = [P0 = M, (1)

The fractal dimension D, is defined as the exp.~ent of this law. It characterizes the
scaling property of the object over scales and is her . co..owant as far as self-similarity holds. To
verify to what extent empirical structures follow fractal behavior, different analysis
methods have been developed[25].

The box counting method is one of the most ~ommonly used methods to measure the
dimension of fractal objects. Boxes of variab: > s..» ¢ are used to cover the objects. For each
value ¢ we count the number N (¢) of non: ~rup:;” Hoxes of side £ needed to cover the object
of length L. For fractal structures the rclation holds: N(¢) = a e P where ¢ - 0.
Taking the logarithm of the relatir u y:~lds Log N = loga — D, log €, a being the fractal
measure of the object, which is . ften c lled the ‘shape prefactor’[20, 24]. Hence, by
logarithmic transformation, we obtain . linear relationship where the slope value is the
fractal dimension D, [26, 27]. Vb .n a' suming a discrete series of values &, we obtain:
log iv"zi41) —log N (&) @

log ;41 —log &

The analysis is carricc out using the software FracGis, developed in the Franche-
Comté University (Thé. ~a r zsearch laboratory), which provides the fractal analysis using
the box counting met’.od as < ~scribed above.

This method al’ »ws the minimum coverage of a structure by covering each occupied
point of a square ~* si.. <. However, if two points are located at a distance less than e,
only one box is kept. This method corresponds exactly to the claim of the minimum
coverage. This iy the .nain reason why it was preferred in this study. However, the
reliability of this ‘method could be questioned as shown in Fig 1.The coverage in the
figure at the 'eft sb yws 7/9 filled boxes while the minimum coverage is 2/9 filled boxes.
This issv~ i< considered in the software FracGis, as we can use a gliding coefficient to
adjust the ;r'd to the built-up areas and networks.

DO:




Fig 1: Illustration of the box counting method as used in FracGis (left: box countir * me.. ~d coverage / right:
minimum coverage)

2.4. Scaling behavior

For a theoretical fractal, the fractal dimension D, is s’ rictly *he same all over the
scales. However, we can suppose that real world objects dc not f ,llow strictly a fractal
law. To explore if deviations from the fractal law ex’st, we use the curve of scaling
behavior, which turned out to be efficient[19, 26]. For tl.’= yurf ise, we compute for each
value ¢; the slope values in the double logarithmic rep. . <enation, according to (2), and
obtain then a local scaling exponent a(¢;). Obvious!~ it is ¢ onstant and equal to D, for
theoretical fractals, what does not necessarily ho.? for -.apirical structures. Hence, by
representing the sequence of these slopes as a fin~-"on of the size ¢;, we obtain the
scaling behavior a(¢;), which variations informs ..~ about changes in the fractal behavior
of the analyzed structure across scales.

In order to establish a link between the a. alyzed objects, we compute the ratio of
their scaling behavior (Eq 2). E.g. linki.> . iic-up space (build) to a network (net)
yields:

Apuita(€7) _ log Npuita<~+1) —10g Npyiia(€;) 3)
anet(ei) ! -o Mnet(€i+1) - 10g Nnet(ei)

We call this type of represen’ ation t; e concordance analysis [23]. It shows to what
extent both the objects follow the s.~.e logic of covering space at each scale. The f-
values becomes equal to one ¢ tb :locics are the same.

.Bbuild/net (ai) =

3. Data processing

3.1. Buildings

The buildings map . ¥ Grenoble is available in the Institut géographique national
(IGN) open data. (t ‘acludes all the buildings of the city (residential, industrial,
educational. . .). 1. %< dat. set seems to be coherent with reality and no abhorrent
elements were i .cutifiec. No processing was involved while using the building data.
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The fractal behavior observed in Fig 3 is typi.~! for medium size European cities [23]:
the decrease for small distances is due to the ~ndeli..g of the buildings. Every building is
represented by a surface element whose size is » oportional to its footprint. Therefore, at
very local scales, the box-counting methoa . *ovid 2s a dimension closed to 2. These scales
refer to distances inferior to that of the size o buildings and the number of occupied sites
is thus dominated by build-up footprints.

When the size of boxes increases slightly, the dimension decreases abruptly due to
the appearance of the empty spac .s arc 1nd the building footprints, but other buildings
do not yet come into play. For un.-her ' izes of the boxes, the relative position of one
building to the other buildings is takei. into account and the dimension increases. This
means exploring the urban p«*e n cnfiguration. Curves tend to become more regular.
Between 100 m and 400 1. the 1. ctal dimension settles around 1.7, which indicates a
scale invariant coverage of the . -1ildings.
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Fig 3: Fractal beh avior of the built-up areas



3.2. Power grid

The Distribution System Operator (DSO) of the city of Grenoble in F ance provided
us with the data we need for the fractal analysis of the power network : na -~ncordance
analysis with roads and built-up areas. The data set at hands desc I =s the medium
voltage distribution system meaning that we know the shape and tb : co .sumption data
at a street level. However, as shown in Fig 4, some power lines & = ro.~hly drawn. In
some cases, a bundle of parallel cables is taking more space th>~ it ac s in reality. As
we are focusing on studying the shape of the network thro'.gh s _caling behavior,
parallel cables become irrelevant and are better represented using ~ne single line.

— - 7~ /\/\“/4 S /\

Fig 4: Grenoble's medium voltage power grid: ©° ™ Grenoble city (right) Grands boulevards district

The process to correct the .-easv ement errors” introduced by parallel cables
consisted in merging all the pa- alle! power lines into one single line. As the data set of the
city is rather small, the pro.~sc wa, executed manually to be able to appreciate the
more appropriate way to re .hape . : drawing.



T w0 ~ .

Fig 5: Grenoble's medium voltage power grid after processing: (le;.] Grer -’ ¢ city (right) Grands boulevards
district

To assess the effects of data correction, we ai.~lvze "¢ fractal behavior of the power
network of Grenoble under its original form and clean. 1 one.

In Fig 6, we observe the scaling behavior over a v.*de range of scales, from 0 to 90om, the
radius of Grenoble being about 5 km. Over 1C .., *>= correction has a small impact on the
results. But we notice in the zoom shown in .”g 7 that the cleaning process changes
dramatically the results at small scales for *1.> nower grid. For box sizes between 5 and
4o0m, the behavior is different as the *~+a b, cessing deals mostly with parallel cables
whose distance are situated at this scale. The corrected data show a smoother transition
at small scales meaning that the shar= of the network is more homogeneous across scales.
The merger of parallel cables dec eases ‘he scaling behavior between non-processed and
processed data at very small scales as "her : is no more cables with sizes smaller than 20 m in
between.

For the processed data, at v *v - mall scales, there is no bifurcation and the power
network can be seen as nea’ . - linear (scaling value is close to one). For higher values of ¢, the
curve increases in a linear rashiou. until reaching a stable scaling behavior around 1.7. This is
due to the appearance Jf b Qurcations at this scale ensuring the necessary coverage of the
distributed territory.

For these sizes, che box counting method is still relevant, the network being more
uniform than the bu." -up areas. Fig 8 shows one example of network coverage using the
box counting me .aod.
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3.3. Road network

The road network of Grenoble is also available in the IGN open ‘.ata. The data
consists of all the paths within the city including parking lots, railways aiu.' vedestrian
paths in parcs ...

Fig 9: Grenoble's road network: (left) Grenoble city (right, ... 7~ houlevards district

The road data set was processed manually r s well. As we are studying the medium
voltage network, part of this data, e.g. pec~.*via. paths and parking lots unlikely to be
used for power lines, was unnecessary and wa: removed.

The processed data set describes bou. <ingle or multiple driving directions roads as
a single line as shown in Fig 10.

Fig 10: Grenoble . »oad etwork after processing: (left) Grenoble city (right) Grands boulevards district

In thi case, the cleaning process did not lead to any noticeable changes in the
fractal beha ‘or (Fig 11). Here, in the case of the city of Grenoble, deleting pedestrian
paths and parking lots from the data set does not seem to change the scaling behavior, as



the city is rather medium size (18.44 km?). It means that even at small scales, the road
network is dominated by the main routes and not by paths or parking lots. The results
would be different in the case of rural areas where rural tracks and r aths are more
prominent. Moreover, we notice that the scaling behavior becomes st.ble . ~tween 1.6
and 1.7 (Fig 11), which is, for high ¢, very similar to the fractal behavic . 0. the power grid
(Fig 6).
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— ﬁ
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Fig 11: Overview of the fractal behavior of the road netwoi wu... ~mnrocessed data versus processed roads data set

4. Global concordance analysis

In this section, we will compare ti.~ uac.al behavior of both urban transportation
networks at hands to the built-up areas with..i1 the whole city. Finally, the human flow via
the road network is confronted wit'. tuc nower flow via the power system.

4.1. Power grid versus buildir gs

The concordance indica’ or beu. - .en buildings and the power grid is defined by:
Apuitd (i)
Pbuild;, wergrid (ai) = W 4)

In Fig 12, at small s :ale, (lower than 20m), the ratio between the dimension of the
buildings and the power g. 1 decreases quickly from 1.9 to 1.5. At these scales, the built-
up area dimension ‘s ¢!)se to 2 (¢ much lower than building size), whereas the power
grid is almost linear, be'ag smaller than ramification distances. At larger values of ¢,
the concordance mdic~tor decreases a lot until reaching a value close to 1. It is due to the
increase of the 3 vid’s d mension resulting from its ramification to deliver electricity all
over the cove.cd area while minimizing its length.

It is wor 'h noti1g that low values of the concordance parameter mean that the
network is ove. * _veloped compared to the built-up distribution. Historically, the power
grid deve.pf u 1.1 Grenoble was mainly a 5.5 kV network but has expanded very quickly
with the co. struction of new buildings in the 1960s to host the winter Olympics. This
expansion added a 20 kV layer, making the network hypertrophied. The local DSO is in



the process of switching from a mixed 20 kV and 5.5 kV network to an only 20 kV
network by 2020, which is expected to fit more the expectations of planners from a
concordance point of view.One of the planner’s objective is indeed to en‘ are a coverage
of the urban territory at the minimal cost, meaning the maxiiaizac.>n of the
concordance indicator.
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Fig 12: Concordance analysis between the power grid and building.

4.2. Roads versus buildings

The concordance indicator is defined as fc'lc ws:

¢ yita(e)
Bouitd/roaa(e 1 = —vmalei) (5)

We notice that the concordance bc -v.2 - 2ads and buildings (Fig 13) has a similar
variation to the concordance between the L ~wer grid and buildings (Fig 12). However,
the indicator decreases until reach’ .., * faster than the power grid. From an urbanistic
point of view, it means that for di- -ances iigher than 100 m, the road network and built-
up spaces follow the same type  f spa.’»” distribution while the same logic becomes only
true starting from 300 m for t'.e p swe" grid.
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Fig 13: Conc. “da .ce unalysis between the road network and buildings

4.3. Power (rid versus road network



According to (Eq 3) we use the ratio defined by:

Aroad (Ei)

(6)
apower grid (gi)

At vary local scales, this ratio is close to 1 (Fig 14) because both behaviors . ve linear.
For ¢ between 0 and 100m, we notice a high rate of increase of 8 } eca 1se the scaling
behavior of the power grid remains almost linear (¢ is smaller th ~ 1ts ramification
distance) whereas the road network is already developed for enab.:~g house accesses
(Fig 9). For higher values of ¢, both networks become more anc m¢r~ concordant. This
is a consequence of the hypertrophy of the power grid as m.~t'oned in the previous
section.

.Broad/power grid (ai) =

1.4
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Fig 14: Concordance analysis between the power grid a:..” *oad network

5. Local concordance analysis

Instead of analyzing the whi'~ rity, an assessment of local concordances is
performed to determine whetk 2r t'.e snatial configuration of some city areas impact a lot
the results.

The “presqu’ile” distri .t, ~1so known as the scientific polygon includes a significant
number of research cen*~vs between the rivers Isere and Drac. It hosts the European
Synchrotron Radiation Fac lity and the French Atomic Energy Commission. Downtown
Grenoble represents *he .*v’s old town, which is a pedestrian zone, associated with the
squares Victor Hug, ar d Grenette. It hosts the main shopping area of the city, as well
fast-food chains, bars, ves’aurants. It is also the biggest hub for public transportation in
the city. The “Vi teneu 7e” district, also known as the Olympic district was constructed in
the early 1960s ‘n ord :r to host the athletes competing in the 1968 Grenoble’s winter
Olympics ap . wne 1ournalists covering the event. It is characterized by its park covering
14 hectares  10% o1 the district’s area).



— Presqu’ile
= Downtown
== Villeneuve

km
Fig 15: Definition of districts for local concordance analysis

In Fig 16, for small sizes, the buildings distribut.. 1 has in all cases the same behavior
as overall and takes over the power grid. ."o'/ever, we notice that the value of the
concordance indicator is higher for downt - *m G enoble, which could be explained by the
higher density of the buildings in this area, to..owed by Villeneuve and then Presqu’ile
which is characterized by its strong inu 'su.i../research activity hence bigger and more
dispersed buildings. For distances over 100 .n, the ratio is closer to 1, meaning that the
both fractal behavior are similar pc wver vid and build-up space are more in concordance.

In Fig 17, we notice that the “nac network’s concordance to the built-up areas
exhibits a similar behavior in ",ott Presqu’ile and Downtown. It is interesting to notice,
that the district’s main activity * no’ correlated with the function of the road network,
which gives access to the ouilt-up areas. For Villeneuve, we notice a plateau at 1.2
between 50 and 100 m, waich ¢ 1ld be explained by the presence of a huge park in this
area.

In Fig 18, we potic. that for very local scales, both networks are concordant.
However, their sce.ing behavior starts to move away from one another up 80 m.
Afterwards, the conc. dar ce indicator starts decreasing again, meaning that the scaling
behaviors becor.e sin~ilar again. We notice that, beyond 100m, the power grid is less
developed than the r ad network in downtown Grenoble, compared to both other
districts. Thi~ couiu ve explained by the history of Villeneuve and Presqu’ile districts.
They were consti icted between the 1950s and 1960s and are characterized by
longer/larger . ~-’c¢vards and fewer small streets than downtown Grenoble
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In this paper, we analyzed and compared the fractal dimension of the power grid, the
road network and the buildings of the city of Grenoble, France. We showed the
importance of using carefully data sets from different sources and how it could
sometimes make major differences ahead of further use. The box coun.ing .. =thod was
chosen to identify the fractal behavior but should be used carefully as o1 * can identify a
maximum value of box size that should not be exceeded to have . srtable coverage
depending on the type of system at hands. It is undeniable that an . ~po. .ant limitation
of fractal analysis is that arriving at an empirically determined ... ctal Cimension does
not necessarily prove that a pattern is fractal. However, carryir > o1 ¢ a wcactal analysis is
valuable in understanding the complexity of the structure ~f th. nower grid and its
relations with urban fabrics.

We first noted that the power grid shows a scale invari-... beuavior for a box coverage
above 400 m. The power network is a subset of the roa 1 r :«tw rk and their coverage of
the built-up areas is identical at large scales. . We alsc ider.*".1ed the fractal behavior of
different districts within the city. Grenoble being dense a1. 1 having a territory which is
constrained by mountains, the local and globa' co..~or.iance behaviors are similar.
These behaviors are mainly determined by the graa.~1 evolution of Grenoble’s urban
fabric and give an indicator of how optimal this ¢ “nlution is.
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