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M. Lacroix!

THE INTEREST OF GEOGRAPHICAL INFORMATION, ARTIFICIAL INTELLIGENCE
AND VIRTUAL REALITY FOR THE UNDERGROUND NETWORK REPRESENTATION

Abstract. Two years ago, 63 people died and more than 150 were seriously injured in Beijing
(China) because of damage to a hydrocarbon pipeline. Urban networks are invisible because usual-
ly buried between 1 and 1,5 meters underground. They should be identified to prevent such acci-
dents which involve workers as well as the public. Rural and urban districts, network concessionar-
ies and contractors.: everyone could benefit from their networks becoming safer.

To prevent such accidents and protect workers and the public as well, some new regulations
propose to identify and secure the buried networks. That’s why it is important to develop a software
which deals with the risk management process and also about the risk visualization.

This work is structured around three major sections:

— the utility of the Geographical Information to determine the minimal distances and the topo-
logical relations between the networks themselves, and also with the other element in their vicinity,

— the use of some Artificial Intelligence tools, and more particularly of Expert System, to
take the current regulation into account and determine the accident risk probability,

— the contribution of virtual reality to perceive the underground world.

Key words: Geographical Information, Risk cartography, Underground networks, Artificial
Intelligence, Virtual Reality visualization.

Introduction. After centuries of urban spreading the architects began to build vertically. But
densification leads to multiplying the uses of the underground: subway, street lighting, sewers, water
conveyances, telecommunication cables,... That’s why the third dimension doesn’t only apply to the

' METIS Department, Université Pierre et Marie Curie, Paris, France. 1Spatial, Arcueil, France; e-
mail: lacroixmarie@gmx.ft.
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urban relief, but to its basement, as well. This situation often involves the multiplicity and the entan-
glement of the buried networks, but also the complexity of realizing some works in this area. Invisible
but nevertheless necessary, the buried networks are generally forgotten. If the basement protects, bor-
ders and isolates what it shelters, the activities of the multiple operators and planners are not without
risk. Lots of disasters all around the world remind us of this: like in France in 1999, in Belgium in
2004, in the US in 2005 after hurricane Katrina, in China in 2013 or in Germany in 2014.

To prevent such accidents, protect workers and the public as well, some new regulations pro-
pose to identify and secure the buried networks. Developing a software which deals with the risk
management process but also with the risk visualization is at the center of this study.

This work is structured in three major sections:

— the need for the Geographical Information to determine the minimal distances and the topolog-
ical relations between the networks among each other, but also with the other element in their vicinity;

— the use of some Artificial Intelligence tools, and more particularly of Expert System, to
take the current regulation into account and determine the accident risk probability;

— the contribution of virtual reality to perceive the underground world.

Geographical Information and network representation

Distance calculations. To study contacts between objects taking into account, or not, the dif-
ferent uncertainties, the pipes are simplified in regular cylinders and thus contact calculations, con-
cerning distances between 3D segments or between a 3D segment and a vertex of the digital elevat-
ing model, can be limited.

It consists in finding the minimal distance between two objects (Euclidian distance) and if
they are far enough from each other, this distance will be strictly superior to the minimal distance
(in case of contact).

From these distance calculations and the characterizations of uncertainty on these networks,
we can define the risks of collision between different networks (according to their uncertainty radi-
us by example).

Taking into account the blur, we’ll study:

— the accuracy of the data;

— the approximate calculations directly related to significant numbers.

In order to ease contact calculations, we schematize the pipelines as regular cylinders. This
step consists in working out the minimal distance between two 3D segments (Euclidian distance).
According to these distance calculations and to the characterizations of uncertainty, we can define
the risks of intersection between different networks.

Dyx; <« S1X2 - S1X1;
Dy, <« S1Y2-S1Y1;
Dz <« S1722-S171;

Dy, < S2X2-S2X1 ;
Dy, « S2Y2-S2Y1;
Dz, <+ S272-S271;

Rx < Dy2*Dz1-D2,*Dyy ;
Ry <= Dz *Dxi-Dx2*Dy; ;
Rz < Dx2*Dyi-Dy>*Dx 5

Px < Dy1*Rz —Dz*Ry;

Py < Dz*Rx — Dx1*Rz;

Pz < Dxi*Ry — Dy *Rx;

Pt < Dxi*[Dy1*Rz — Dz1*Ry] + Dy1*[Dz1*Rx — Dx1*Rz] + Dz1*[Dx:*Ry — Dy *Rx] ;
tho « [(Px*Xgi)H(Py*Yg1)+(Pz*Zg1))/[Px*Dx2 ¥Py*Dy; +P7*Dz] ;

XS1 S1X2-S1X1;
YS1 S1Y2-S1Y1;
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ZS1 S1Z2-S171;
NormeS1 sqrt(XS1*XS1+YS1*YSI1+ZS1*ZS1)

YS2  S2Y2-S2Y1
coefa YS1/XS1;
coefb S1Y1-coefa*S1X1;

Yth coefa*S2X1+coefb ; Yth2 coefa*S2X2+coefb ;
XS2 S2X2-S2X1 ;
YS2 S2Y2-S2Y1;
7S2 S272-S271 ;

NormeS2 sqrt(XS2* +YS22 + ZS2?) ;

XSlscalS2 YS1*ZS2-YS2*ZS1 ;
YSlIscalS2 ZS1*XS2-ZS2*XSl1 ;
ZSl1scalS2 XS1*YS2-XS2*YS1;

NormeS1scalS2 sqrt(XS1scalS2*XS1scalS2+YS1scalS2*YS1scalS2 + ZS1scalS2*ZS1scalS2)

bl min(S1Y1, S1Y2)<=S2Y1<=max(S1Y1, S1Y2) || min(S1X1, SIX2)<=S2X1<= max(S1X1, SIX2);
b2 min(S1Y1, S1Y2)<=S2Y2<= max(S1Y1, S1Y2) | min(S1X1, S1X2)<=S2X2<= max(S1X1, S1X2);
b3 min(S2Y1, S2Y2)<=S1Y1<=max(S2Y1, S2Y2) || min(S2X1, S2X2)<=S1X1<= max(S2X1, S2X2);
b4 min(S2Y1, S2Y2)<=S1Y2<=max(S2Y1, S2Y2) || min(S2X1, S2X2) <= S1X2 <= max(S2X1, $2X2);

ba min(S2X1, S2X2) <= max(S1X1, S1X2) ;
bb min(S2Y1, S2Y2) <= max(S1Y1, S1Y2) ;
bc min(S1X1, S1X2) <= max(S2X1, S2X2);
bd min(S1Y1, S1Y2) <=max(S2Y1, S2Y2) ;

NormeS1scalS2 # 0 && (ba && bb && be && bd &&((S2Y1>Yth && S2Y2<Yth2) || (S2Y1<Yth

&& S2Y2>Yth2)))

distance determination between two intersecting segments

XS1S2 S2X2-S1X1;

YS1S2 S2Y1-S1Y1;

ZS1S2 S271-S171

det S1S2 S1 _S2 XS1S2*YS1*ZS2 + XS1*YS2*ZS1S2
+XS2*YS1S2*7ZS1 — XS2*YS1*ZS1S2 — YS2*ZS1*XS1S2
- ZS2*YS182*XS1

DistA abs(det S1S2 S1 S2)/NormeS1scalS2

(ba= &&bc= &&(bb= |bd= ))| (bb= &&bd= &&(ba= |bc= ))
NormeS1 #0

Taking into account the D2 points and the segment S1

XS2 1. S1 1 S2X1-SIX1;

YS2 1 S1 1 S2Y1-SIYI

ZS2 1 S1 1 S271-S1Z1

XSlIscalS2 1 SI 1 YS1*ZS2 1 SI 1-YS2 1 SI 1*ZS1
YSlscalS2 1 SI 1 ZS1*XS2 1 SI 1-7S2 1 SI 1*XSI
ZSlscalS2 1 SI 1 XSI*YS2 1 SI 1-XS2 1 S1 1*¥YSI

NormeS1scalS2 1 S1 1 sqrt(XSl1scalS2 1 S1_1*XSl1scalS2 1 S1 1
+YSlscalS2 1 S1 1*YSlIscalS2 1 S1 1
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+ZS1scalS2 1 S1 1*ZSl1scalS2 1 S1 1)
DistB  NormeSl1scalS2 1 S1 1/NormeS1

XS2 2 S1.1 S2X2-SIXI;
YS2 2 S1 1 S2Y2-S1Yl
ZS2 2 81 1 S272-S1Z1

XSlscalS2 2 S1 1 YS1*¥ZS2 2 S1 1-YS2 2 S1 _1*ZSl1
YSlscalS2 2 S1 1 ZS1¥XS2 2 S1 1-7S2 2 S1 _1¥XSl1
ZSl1scalS2 2 S1 1 XS1*YS2 2 S1 1-XS2 2 S1 1*YSI
NormeS1scalS2 2 S1 1 sqrt(XSlscalS2 2 S1 1*XSl1scalS2 2 S1 1
+YSlscalS2 2 S1 1*YSlIscalS2 2 S1 1
+ZS1scalS2 2 S1 1*ZSlscalS2 2 S1 1)
DistC  NormeSlscalS2 2 S1 1/NormeS1

NormeS2 # 0

Taking into account the D1 points and the segment S2

XS1 182 1 S2X1-SIX1;
YSI 1 S2 1 S2Y1-SIYI;
ZS1 1 82 1 8271-S1Z1;

XSlscalS1 1 S2 1 YS2*¥ZS1 1 S2 1-YS1 1 S2 1*ZS2

YSlIscalS1 1 S2 1 ZS2*XS1 1 S2 1-ZS1 1 S2 1*¥XS2

ZSl1scalS1 1 S2 1 XS2*YS1 1 S2 1-XS1 1 _S2 1*¥YS2

NormeSlscalS1 1 S2 1 sqrt(XSlscalS1 1 _S2 1*XSlscalS1 1 S2 1
+YSlIscalS1 1 S2 1*YSlIscalS1 1 S2 1
+ZSl1scalS1 1 S2 1*ZSl1scalS1 1 S2 1)

DistD NormeSlscalS1 1 S2 1/NormeS2

XS1 2 82 1 S2X2-S1X1;

YS1 2 S2 1 S2Y2-S1Y1;

ZS1 2 S2 1 S272-S171;

XSlscalS2 2 S1 1 YS2*ZS1 2 S2 1-YS1 2 S2 1*ZS2

YSlscalS2 2 S1 1 ZS2*¥XS1 2 S2 1-7ZS1 2 S2 1¥XS2

ZSl1scalS2 2 S1 1 XS2*YS1 2 S2 1-XS1 2 S2 1*¥YS2

NormeSlscalS1 2 S2 1 sqrt(XSl1scalS2 2 S1 1*XS1scalS2 2 S1 1
+ YSlscalS2 2 S1 1*¥YSlscalS2 2 S1 1
+ ZS1scalS2 2 S1 1*ZS1scalS2 2 S1 1)
DistE NormeSlscalS1 2 S2 1/NormeS2

DistA min(DistB,DistC,DistD, DistE)

Dist2  sqrt(((S1X1-S2X1)*(S1X1-S2X1))+((S1Y1-S2Y 1)*(S1Y1-S2Y 1))+((S1Z1-S2Z1)*(S1Z1-S2Z1)))
Dist3  sqrt(((S1X1-S2X2)*(S1X1-S2X2))+((S1Y1-S2Y2)*(S1Y1-S2Y2))+((S1Z1-S2Z2)*(S1Z1-S272)))
Distd  sqrt(((S1X2-S2X1)*(S1X2-S2X1))+((S1Y2-S2Y 1)*(S1Y2-S2Y 1))+((S1Z2-S2Z1)*(S1Z2-S27Z1)))
DistS  sqrt(((S1X2-S2X2)*(S1X2-S2X2))+((S1Y2-S2Y2)*(S1Y2-S2Y2))+((S122-S272)*(S1722-S272)))
Dist min(DistA,Dist2,Dist3,Dist4, Dist5)

Algorithm 1. The distance calculation between two segment [Lacroix, 2016/06/13]

Xu «— XB-XA ;
Yu <« YB-YA;
Zu «— ZB-ZA ;
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D « -1*(Xu*XM + Yu*YM + Zu*ZM) ;
k « (-1*D-XB*Xu-YB*Yu-ZB*Zu)/(Xu*Xu+Yu*Yu+Zu*Zu) ;

XH « Xu*k + XB ;
YH «— Yu*k + YB ;
ZH «— Zu*k +7ZB ;
XH > min(XA,XB) AND XH < max(XA,XB) AND YH > min(YA,YB) AND YH <max(YA,YB) ?
|
dl « (XA-XH)*(XA-XH) + (YA-YH)*(YA-YH)) ;
d2 «— ((XB-XH)*(XB-XH) + (YB-YH)*(YB-YH)) ;

di<d2 ?
XH «— XA ; YH <« YA; ZH «— ZA ;
|
XH «— XB ; YH <~ YB; ZH — 7B ;
dist — ((XH-XM)*(XH-XM) + (YH-YM)*(YH-YM) + (ZH-ZM)*(ZH-ZM)) ;

Algorithm 2. The distance calculation between a segment and a point

Topological relations. Everything has a location, including the network furniture. These net-
works interact with each other, affecting and being affected by whatever they happen to be adjacent
to. That’s why the study of the topological relations between these pipes is important, and even
more so if one of them is a very dangerous pipe.

It is interesting to work on the HBDS representation [Bouillé, 1977] of the relationships be-
tween different networks (overlays and intersections). We can take two cases into account:

— Firstly, they can intersect each other;

— Secondly, they can overlay each other:

- with a linear overlay, described in a following paragraph,;
- with a punctual overlay, almost similar to the intersections.

In fact, the topology is a mathematical branch dealing with the relations between different ge-
ometric figures (not affected by the distortion of figure relations). This study describes the relations
between two networks. There are three main categories [Bouillé, 1994; Lacroix, 2015/11]:

— homogeneous and heterogeneous intersections, which imply the existence of a single cou-
ple of points (in a plan) from both networks. There are two important categories:

- the heterogeneous intersections, which involve two different network elements (like an
Auxiliary Point with a Segment for example);

- the homogeneous intersections, which are related to a couple involving two members
(one from each network) of the same nature.

— Opverlays: the punctual overlays are similar to the intersections (but some overlays may be
in only one network). The linear overlays assume an infinite number of common pairs (in a plan)
from both networks;

— altitude comparisons: to handle with the topological links, we must determine the metrics
between networks. It’s based on two major cases:

- one network is higher than the other one;
- both networks are at the same depth (they can cross or be lined up).

Results. Determining the distance between two elements, thanks to their geographical
coordinates, is the first step to generate the network accident risk map. Indeed, the French
regulations (explained in the next chapter) give some information about the minimal distance
between:

— two networks (according to their characteristics, the carried fluid types, and so on);

— the networks and the soil (depending on the minimal regulatory depth).

193




Fig. 1. Risk cartography examples

Artificial intelligence tool
Managing the uncertainties

Representation of networks uncertainties. The buried pipelines can be depicted, without consid-
ering the vagueness (Fig. 2 (a)) or with blur (Fig. 2 (b), 7 (c) and 7 (d)).

TN

Fig. 2. Pipe representation: (a) without blur, (b) with coordinate uncertainty, (¢) within the security area,
(d) pipe within the security area and the uncertainty area

Taking the blur into account, we’ll study the accuracy of the data and the approximate calcu-
lations directly related to significant numbers.

Significant number determination. Considering the blur and the approximate calculations, this
study is directly related to significant numbers and has to take the accuracy of the data into account.

N [N|;
Integer part determination
/N 10M
nbCHSPE nbCHSPE + 1 ;
i i+1;
Decimal part determination
/ (N*1071)-round(N*10%1) 0
N*10M 0,1
Avoid taking not significant 0

nbCHsPD nbCHsPD +1 ;

i it+1;

2

nbCHs nbCHSPE + nbCHsPD ;

Algorithm 3. The significant number determination algorithm
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The Normal Distribution. Depending on the uncertainties and taking the security areas of
each network into account, the risk of collision can be determined thanks to the Standard normal
distribution over a specified threshold distance (dipresnoia) (shown in Fig. 3) [Lacroix, 2015/06].

Fig. 3. Standard normal distribution representation

The calculation of the threshold distance depends on the elements and their characteristics
(like the data precision, the security area.,...).

Each characteristic could be optional and that’s why some of them are noted between square
brackets (Table 1).

Table 1
Uncertainty calculations

Category Threshold distance calculation Stan.dal:d n?rmal
distribution
Wired — dinreshola = Radius1 + Radius2 + Precision]1 + Precision2 + u=0
Wired Max(SecurityRadius1, SecurityRadius2) 6 = dinreshold’4
Wired — dinresnola = Radius1 + Precisionl [+ Precision2] + p=0
Element Max(SecurityRadius], [SecurityRadius2]) 6 = direshold’4
Element — dihreshold = [Precisionl] [+ Precision2] + Max([SecurityRadius1], u=0
Element [SecurityRadius2]) 6 = dihreshold/4

The development of an Artificial Intelligence tool contributes to the challenge of providing
the users and consumers with a unique tool set able to (according to the input data):

— determine the fluid classes;

— define the kinds of pipes;

— inform about the required standards associated with the network characteristics;

— assess level accuracy and then define the risks of damage.

These various forms of data all contribute to the challenge of running and achieving the pro-
grams according to the requests of the users.

The next paragraph is dealing with the examples of the French regulation called «Arrét¢ Multiflu-
ide» (concerning dangerous networks) and «Réforme DT/DICT» (referring to the security area around a
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network and, more specifically, when its coordinates have an important uncertainty). These regulations
represent the basis of the rules-data-set of the Expert System developed in this Software.

Regulation management. According to the regulations [Legifrance, 2006; Legifrance, 2012]
it is possible to add some information to the data, like the security area (taking the network type into
account), or the fluid classes (linked to the fluid characteristics). Different categories are identified:

— fluid classes: government authorities publish required standards for fluid classification;

— pipe classification: authorities publish this classification as well. There are three kinds of
pipes, according to several criteria:

- the nature of the carried product;
- the vicinity;
- the surrounding population (and the possibility of lethal effects).

— network implantation: creating a rule-based data set means a major challenge to meet the
security required standard. The last significant steps deal with the network implantation and the co-
ordinate accuracy determination. The various forms of rules for the network implantations depend
on the « internal » characteristics concerning the pipes (transport or distribution, diameter, materi-
al,...), the local topography (trenches, slopes, minimal depths,...) and the devices of reassurances
(security area, warning materials,...);

— accuracy classes and DT-DICT regulations which imply two subsets:

- the definition of the precision classes;
- the risks of damage according to the works.

Results. The rule base of the Expert System [Lacroix, 2016/06/27] is linked to the current
French regulations, which give a lot of implant characteristic obligations. To get this information,
the software requires some data such as the kind of pipe, the requested data, and so on.

Some requests are simple and need only one data. For example, the user needs to know:

— which is the color of the security device for a gaz pipe;

— or the minimal distance to vegetation for an electric one.

Fig. 4. Simple Expert System results

Some others are more intricate, as it is the case for the minimal slope determination where the
type of pipe (sewerage by example) and the carried fluid (rainy waters) are needed;

Fig. 5. Intricate Expert System result
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Virtual Reality: a new tool to visualize the underground networks

A booming sector — The reasons of the Virtual Reality uses

Thanks to the evolution of technology, there are more and more possibilities to access Virtual
Reality. Indeed with the growth of the Virtual Reality headset, Virtual Reality is today one of the
most attractive ways to visualize a virtual scene.

The plan had been intended to offer a tool which enables to visualize the underground net-
works and their accident risks. This involves the development of a Virtual Reality tool.

Development. To design such a software we have sought the Google Card Board. It is a really
cheap Virtual Reality headset and thanks to a Software Development Kit allowing to create some Vir-
tual Reality software, this device is one of the most easily available to a major part of the population.

Developing such a program is not founded on creating calculating algorithms, but on working
on the way to use the data generated by the first software and on the way to visualize them.

Results. Once these visualization functions are developed, we obtain on a mobile smartphone
a double view of the scene with two different visualization parameters to allow the stereoscopic
view thanks to the Google Card Board handset.

Conclusion. Disasters like the one that happened in East Harlem have been attributed to an
aging gas network whose pipelines may corrode and rupture. Leaks can also happen as a result of
excavation or climate event, as it was the case in the loss of New Orleans’s gas network after Hurri-
cane Katrina in 2005. Tragic occurrences, such as Ghislenghien’s, push to make systems safer.
That’s why working on the networks and their visualization, taking the blur into account, is a recent
and appropriate research.

Fig. 6. Capture of a stereoscopic visualization on a phone

The representation of the accident risk probability needs to access and work on Geographical
Information, to identify the rules governing their security, thanks to current regulations, but also to
visualize these data whether through a cartography or through the Virtual Reality methods.
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VK 912.4
M.B. I'puéox’

BUJIEOUH®OT PAGUKA JIJISI YCTOMYUBOI'O PA3BBUTHSA
(HA IPUMEPE ITPOEKTA BI'TPK «POCCHA B HTUDPPAX»)

Pe3rome. B cmamve paccmampusaromes ocobeHHocmu co30aHusi U 60CHPUAMUSL BUOEOUHDO-
epaguxu Kak cnocoba omoobpadxcenus cmamucmuyeckoll u 2eocpaguueckoli uHgopmayuu Ha npu-
mepe npoekma BI'TPK «Poccus 6 yugppaxy («Mup 6 yugpax»). Bvisenenvt npeumywecmesa u oepa-
HUYeHUs AHUMUPOBAHHOU UHDOpadUKY NO CpasHenuio co cmamuyeckol. Takdce npoanHaruzupo-
8ambl 0COOEHHOCMU 8030€UCMBUSL OGHHO20 NPOCBEMUMENbCKO20 NPOeKma Ha Gopmuposanue npeo-
cmaenenutl spumenei o Poccuu u mupe. brazodaps sudeoungoepaguxe, mpanciupyemoil Ha ¢e-
oepanvHom menexkanane «Poccus 24», sedemcs pacnpocmpanenue u nonyiapuzayus akmyaibHOU
CMamucmuyecKkoll UHGhopmayuyu o cmpane u mupe 8 YOOOHOM 0Ji 80CNPUAMUS WUPOKUMU KPY2aMU
nacenenus popmame. Unpopmayuonnas nonumuxa BI'TPK, ompadsicarowasncs 6 ombope memamu-
yeckux kamezeopuil ungozpaguxku 0ns 0aHHO20 NpoeKma, cnocoocmeyem @opmuposanuro 6onee
no3umugHo2o umuoxca Poccuu no cpasnenuio ¢ mem oopazom, KOmopwviii hopmupyemcs npeumy-
WecmeenHo CIMUXuHo Ha 6asze uHgopmayuy, MpaHciupyemol 6 meieHo8ocmsax. JauHas no3uyus
20Cy0apcmeeHHo20 menesuoeHUs A6IAemcs 01A20NPUSIMHOU C MOYKU 3PEeHUs. cmpame2uu YyCmoudu-
6020 pazeumus Poccuu.

Knroueswie cnoea: ungozpaghura, anumayus, susyanuzayus, yCmouuugoe pasgumue.

Beenenue. PactipocTpanenue U nomyssipusanysi 3HAaHUM O CTpaHE U MHUpE — Ba)KHbIE 3a/1a4U
COBPEMEHHOT0 00IeCTBa, 0e3 MIaHOMEPHOTrO PEIIEHUs] KOTOPBIX HEBO3MOYKHO JIBUKEHHE K yCTOM-

' MockoBcKHii rocy1apcTBeHHbII yHEBepcuTeT nMeHn M.B. JloMoHOCOBa, reorpaduueckuii (akyiib-
TET, HAYYHO-UCCIIE0BATENbCKas J1abopaTopHs KOMIUIEKCHOTO KapTorpadupoBaHus, H.C., KaHI. Teorp. H.;
e-mail: marina.ary@gmail.com.
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