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SUMMARY

I. Title

Development of Multi—Sensor System for Underground Pipeline Condition

Assessment and Management

II. Purpose and Need of R&D

1. Purpose of R&D

The object of this research is to develop a system with a device to
assess and manage pipeline condition. The system is combined with GIS
which can analyze and process data collected by the device. The main
functions of the device will be as follows:

o Displaying pipeline interior as a detailed image to anatomically examine
their condition; and

o Producing clear, detailed two—dimensional drawings of all or parts of
pipelines including location information, which allows the interpretation of

the pipeline condition become easier and more efficient

2. Need of R&D

The result of the first and second year researches suggested a software
program for a system and photographing method which can observe
pipeline interior as unfolded pictures. That method was different from an
existing method which photographed the entire surface of pipeline interior
by using CCTV. Even if data for pipeline interior could be collected
through those researches, improvements still needed to be carried out to
perform the precise interpretation of the data. In addition, necessities to
read the result of such investigations objectively and quantitatively after
automatically searching any abnormal part of pipeline interior based on the

interpretation of observing results by a software program was increasing.



Furthermore, for the volume of data generated by such system, which can
explore pipeline interior enormously, it is absolutely necessary to
construct database for continual management. The expected advantages of
constructing database are: (a) it will provide enough data to consider the
characteristic of underground pipelines thoroughly; and (b) combining with
GIS technology it will play important role in the development of a

comprehensive management system for underground pipelines.

II. Content and Scope of R&D

1. Develop Technique and Equipment for Pipeline Interior Condition
Assessment

oDevelop a technique of lateral indirect photographing by using a reflex
lens.

oDevelop a preventing technique of image distortion and mosaic which
appear as unfolding image.

oDevelop an autonomous vehicle which can provide the best performance
under domestic pipeline conditions and improve the performance of

camera and image transmission method.

2. Development of a Software Program for Convenient Collection of Video
Data of Pipeline Interior Conditions and Objective and Quantitative
Interpretation of the Data

oImprove the performance of existing DPIM and evaluate its work-—site
adaptability, process obtained data, and develop and improve image
processing techniques to store these.

oDevelop a software program for inspection reports to utilize processed
data.

oDevelop a software program which can automatically find the abnormal

part of pipeline interior.



3. Development of a System with GIS for Pipeline Condition Assessment
and Management

oDevelop a conversion technique of existing GIS maps.

oDesign and produce a module connected with a software program
developed by this research.

oDesign and produce a module connected with DB accumulating method

for pipeline asset management.

4. Constitution of Commercial Package System Based on Integration of
Techniques and Devices Developed During the 1% and 2™ Years and
Establishment of Commercialization by
ObtainingNewTechnologyCertification

o Constitute standardized DPIM system for commercialization and develop
a system for pipeline condition assessment and management by designing
and producing a module connected with existing GIS data conversion and
DPIM system.

oFocus on commercialization through marketing such as participating
exhibitions while endeavoring to obtain the certification of new

technology.

IV. R&D Results

oResolve the problem of the existing measurement method whose
condition assessment results are totally varied with the skill level of
operators because this new technique uses a high—resolution CCD
camera to perform the real—time and continual measurement of front and
360° unfolded pipeline interior images.

oAllow to perform the objective and quantitative reading of abnormal
parts by a software program designed to read the abnormal parts of
pipeline interior.

oManage to combine photographing information with geometrical
information by connecting with underground pipeline management system

based on existing GIS.



-oProvide DB for public and private sectors. Total investment amount was
KRW320.7billion and total area stored in the database was 724311km at
the end of 2003.

oImprove the creditability of existing data and expand its utilization if
this research’ s result such as photographing and exploration information
is managed by connecting with the GIS database.

oInduce various tangible and intangible economic effects such as
providing information for facility maintenance by detecting the aging and
change of pipeline according to the passing of a year from the time of

laying pipeline.

V. Utilization Plan of R&D Result

o Allow effective facility management with abilities such as collecting
detailed data and making unfolded drawings as real drawings unlike
existing front focused type devices for pipeline assessment.

oImprove visibility and provide easy reading function with a suitable
search engine in terms of vertically and horizontally sectioned diagrams,
the sector information of facilities, and of unfolded images.

oPromote the utilization of the existing system by connecting with an
underground facility management system based on constructed GIS and

induce budget saving effect by constructing an efficient system.
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2AY oln A= RGB#HES HA#eZE 3709 layerE 3 719 layer

AEHEAN sAzE THPECh A olu|X] ZEAMAYE o]gdt 1 o)A

8

2AY oluA
= A= = -
n) X & o]gslo] T3 T,
Blue
135221 57 _30_57 46 14319021289 76 43
Green o z;
135221 5730 57 46 143190 21289 76 43
o
135221 57 30 57 46 14319021289 76 43
235 120 75 36 45 12324578 16 34
11154 87 21565 73 94 82 44 60 8 49
l Average of three
Gray Level
135221 57 30 57 46 14319021289 76 43
235 8§ 12075 36 45 12324578 16 34
11154 87 21565 73 94 82 44 60 8 49
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ol AF ¥F gudF FA4
719] edge detection@aLe]Fol Zo] Ao, speed & A5 @AAA o8 7
o] d#HA duYFE AFE FE AF E AFor = Canny Edge Detection@ it

e Yo sqrk

194 — Canny edge detectione ©]-&3F edge detection 3}

o] -9 A A AR dANAE Hx ZetolnAE o] AAY olwA
2 W3S st durzl oz Wol ALE3sty Q' edge detection@ 1B EE o] L35}
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length, angle, elongation, etc.
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29A — A4 threshold 2%

o8 A4 trial—and—error® ©]€3] DPIM data® 7-¢ Canny Edge
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<19 372> AZtol#h= linguistic term®]  fuzzy membership functoin

<% 312> fuzzy reasoning(#H< 2= fuzzy membership 88 2Ju|gh)

If Region is ZandAngleisRightAnglethenthefeatureis.Joint.
If Region is IandEccentricityis Linethenthefeatureis Crack.
If Region is ZandAngleisnotRightAnglethenthefeatureis Crack.
If Region is IJandEccentricityisnotLinethenthefeatureis Noise.
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A6d MLFu 9 AL £4

24 AF3dnl e AdF (performance) ol & AJAHg, kA, £4, AAE 59
SHolA  AssEuzl Zn Qe Ao Zles dvskd, AE%st
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2 71E9 A A3 vlaste] AFshEA e 4
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U BAESH 22 R ARYSA dHol" S

2 AFeM e A2AER IS olEste] ATt div] AdAEE SH s
°lE 19 AHYARI@AND A 29 7hsd T AR SF(HoDE vudoRA
CCTV®EA 7 DPIM 4 A< vl a2 skl

a2 A]le Aol AR TE AdeR B oz st wRE A A

de) MlaEA Al BfF A= £AE AVid 5 Ao mEA 71E CCTVE
AL A dHelgrt S48 Ad@d 9 odn P AR ekl
DPIM#2{ 8] A4k dlolBl & S4F & e A 54 =22 2 A4 dolH
S-S A
B DPIM ZH)¢) B34 53 29

DPIM gue] Aty 54 ZdE sted=eAbE w38k DPIMEY < 39

g2o wt g 1Y gol F 7k FA 24 (component) B EFHW o] =
Aoz 7 weAe sadt FANLE St

Component 1 — A AEH (WEAA, HEHRYY)
- AZAN
T Rpol=
Component 2 2 £
- Y
— HuAMAAY W B EE
EREES:
- AFEYFEA

<1% 3.97.> DPIM #2¢] AAA&5A 2o L4440

O dAZANA ] BZZAF ZI A7 (component 1)
AN BRZEAF AGAIZFS A E HES Y WEAA U #EARE UHF
A

o] Z4lo]l ot dFAYERAIZL(ALD, DPIMABHIZE S e #29 9%

(e}
1 =
Aqiehe ¥ 208E FYAT(AD), Ao B @A whTe ey e
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& AZHAD 2 FAFIYU old e AYAFS B JH, FEY LFE,
A £AA AR ol W gPe W Ao PHAY G vEEA

ZEAA 1 7Ee] AbE 2ot}
m F Ao BHEFAAYAZF (componentl) A = Al + A2 + A3 A1,

@ AFFAA e R uM A &G AZH(component 2)
AREAl o A o] H A 2] ZGAI S oA Y BRAYE YES AR

W AEde] HAAR B AQHE AE o gt ol HINAA
FgAE 9 Auvtde Beles FYENABY, AAGTE s
ZHB

rl

i

AIZHB2), NP EE HESL ZARARTS Z8S HIXNE FYse ° &
SH = AIZEB3)F HEVL 2 730 g EHAATBH AL E FAH
Atk ol g F7b FYPAZEE YA AR g3 JFE S AoE 4™
o}

n B 724 &YX ZH(component 2) B = Bl + B2 + B3 + B4 2l 9.

@ DPIM #ule] Aitd &% Ed (productivity measurement model)

MdtEl DPIM Aule] AAAE 457 Heide 4 d9dd 73k 33
7 stolor gt & FAA 7ol AEAEE EAMSH=T
bl Al AME 7 FHYRAE FYsted 28HE A #}

£9 goz 4% I + otk ¥ AFIAE AT JAYL FH] s

do
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PAIZE Aol Lolstt AAAE 54 A Lap7t B £ Qe Dol gl
A AARE e FG 7IHE ol 8dte] AFHAAe] Jh EAHE HAIA
ot olgh o] HAEZZAMRY] 22HE CCTV 23 DPIM %49 HgAzte
wat7] 98 A 7 AdRs A9 Ee AFHA 7Y 9 AL nYe
71 E ol&ste] CCTVHY 3 DPIMEA S AAbE S7gsta B A
Fet3leh. @9, A doldHE Ex, A, A g
HIARE, Qg e SR S3 22 A4
€ wenh wEb CCTV B49 44dst DPIM 349 e vla-E437]
AfME 548 F9 873 2 oo g nejzt A elor g
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o

T2HA watel
8 prg N

AEs yalel
e fales

<29 3.100.> DPIM%¥2] 8] A2k dlole] &4 N3

N

A7) & DPIM %4 9] AAHg dvlolelE F43t7] e de =23k A

ol AAA dolE A A ¢ 37 @ oA xpoloA] HAEE EFQ

g FHaszlely] A% Aoz CCTV WA Aads wmstel DPIMAH 2 Al
o3 (time saving) ¥ AlZF A A(time loss) 24EF 1#3HH DPIMW4 S A
EZo] 7bsstthe sidelth

kA ol MdE vtBoRE ARGHE A= oA CCTVE I
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# DPIM g2 AYAIzhes fFEEE A% & T34 20HE FPALS

WAS T AolahAl 2eHE AQARE W

shoh. 2eu, #RE FAsE YL 7€ CCTVEAZ DPIMEAREe] #4]
B Aol Qe Aol 71E C
BE A glstiA AR o)y

a2y DPIMAH]| 2] 2% 2
SHUEE AQeEA o)FskA "ok Ed e F74e] 2o
Aol o] FoX A GErhE RIAFYAE
(P E21-tAd) -FAHE-ZAIR A (A Y 2 29)-EdAe -5
MAZ =X2 8ol =Hu, DPIM A%
tA"ER Ao ng st gL AXA deth
A A WS v o2 DPIM A9 A4 dlo]E

S 42T 5 9lom CCTV 2949 A3 v LE A

2

t}. DPIM 8|8 Ay £4

HEZAL Y A wF, AH] T 2 zAdesEo]l RYgoEs Qo]
TR, AEF A FE AL 245709 23 ade & dojAr}. wet
A CCTV #9217 DPIM¥2 el A4d$ vlu-E337] Asixe 54 A4 )

Mol ABAGS A& = B8 AR (partial productivity) o] obd, F9lxE »E
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Aol AdadE wdste T A4 (total productivity) & L 3foF ¥
ok A8 AFE B CCTV 292 AMY @98 99 A (m/day =
m'/day) 02 ArESAT 43 BagE 14 @A 7)< =F, Y] T2
TAE 3 dH A 2 o] FUFHO BEAHE SAHAE 7 Us AY WAFe
ou| gl wetx, £ AP Ay A7 AFHE Hlg o2 DPIMWA 9 A
At

3H, A A v 8 (Productivity Achievement Ratio; PAR)®] HEE &
3] DPIMAH|E o]gso 2 CCTV 9924 S 24T 5 A=A o

Fob AN 2 ARE EAE 5 Stk A 8 HlEoldt A

£ CCTV 29443 $U5 99 Budos $43

i

(Actual Productivity; AP)3 #5715 A4k (Obtainable Productivity; OP) @
H 2 AodthD o7|4 AP L A dAZ F5I} PAFE gulsiy &
ENSAAAEL AAR dS F A= H AAAAAE st oA, £ AT

S FEUsAAN o7 At A @4 v &E& AlEElth
B 7]& CCTV #9122 Ak

71& CCTV #EZAF YL o 19837 2ol TFAYEH]-CCTVEY -2
AR A - JAHSG - JAHE-R M- @3 2], Fgo] Aj7ke] EFo w2t

ojFolact, BRelAe) APe A A ERABT} ° AAYALE Aol A}
Aol AYAAZ R BIENE AV o F B YL AN ol CCTV

Ik BIEF ZAAE AR
A,

28

o @A Aol Evd C

A G EE AXT, HEd UA"E 4T AUAIRE V2R M A
FAoA A 3 W YAE HAES T ZAEIANE s, rixgte . ZH¢fo]
gzg 7 Td 7158 AYe FoEN AAHQA Aol EuA EH. w
2 A SHA dRAAMY #2EIAAT AFAAAY RaMFYAAS
TES F EFAUE A SAT F T =¥ AFACAMY RaAddEdd

N

D #30471ed79, 229 FARS A53E A 4424 Bl e, A4, 2004. 8
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<E 3.26> XA FA &P AL

d A 2007. 6. 20.
BN e o} 200m

419l 9 F 29 B3 FHA 19, HER 19
SWRE 2 CDAY FAoH, B 2 wule] glo] mwAw Azhe

sadgo, Bdel g A o 089 £aAte] Atk waA g
e #HNE “BIARYE AT FYRNAIoTeHO|TE UAYR W
SEFNBAY-IFS B O FHTE AAN] BIAE 2

-
-4
(-'\l
o
H
i=
=
2
He
ok
|
2
2
o\ﬁ
oy
2;1_:
)
o
fru
°
at
s

/\E]
e RIAT A4 AT TRIPAYA 19, A AA % =84e S vz

549 4319 99 Ad=2F IS 243 29, ARE F 200mE

e

flo

TM 2 sk HERY AFAAL S)E ALdskd, R =Y AN

H 1.96m/min®] A2 FH AT},

- 144 -



3.27> 1 CCTV

<E

10

50

27

1.85

10

50

25

2.0

10

50

25

2.0

10

50

25

2.0

1.96

A9

LY
R

A
HaM 2

o
ﬁO
BN
TR

e
1

of

2t A 2 (m)

F

A} ZHmin)

of
4

,_*O

¥ 2 = (m/min)

T Y (m/min)

3

Y2

=]
L

SRS

=g
2 CDAZ | (B s

— 145 -






A EAe] WEHR WEACIE 48mellon, AAFEH A AT <
Aoz Bystd, 4 Age] AAANAFL FEAHEL AAS

=)
it}
3 HelHE FHAT. g & 23 CCTV &3¢9 AN 54 448 A

24 43 FIe % 339 FYshgor], B YBFY UYL BH B
W, 48mE BGSHE NAY AHFAALT D FYTAFEAL e AH,
4 5 2.22m/mino] A},
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<E 3.29> 22} CCTV &edura ol A

WEAA, BFAE],
z _f_réu
2+ FH AAA R 4 5 5
BAZFY  |CCTVEY L ol AFFA= 8 10 9.5
olFFAAES
Zre el B 24 4 5 2.5
THERAA Az AR 7] A
HgvlE-g WEAHA L AFHA 5 3 4
ZF 2AdAZ(m) 48 48 48
% A28 A17H(min) 21 23 21
27
w3 2 2 (m/min) 2.29 2.09 2.29
9 H ZY#=H(m/min) 2.22
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W AF (CCTV W29 g 54 A3

27kl dA JPE CCTV FJHA AMAY SAHEAR 13 @49 ANge
CCTV #9164m/min, BR324 1.96m/min, 23+ 83 AL CCTV &
2.22m/min, XA 24 2.06m/minE 2z @] Aol FL FAoZ YEyTh
olf g Z4 Ade #AGH E AR FHE J|deE AR =3
#A =33 2 AAY HAE 2 2F5Fo we AFAY oF&EIF A J
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A SAAARAME HAY ABE At & 4%

<E 3.32> CCTV &g A =

1.64m/min 1.96m/min 1.80m/min
22} &4 2.22m/min 2.06m/min 2.14m/min
A3 AL 1.93m/min 2.01m/min 1.97m/min
0.93km/day 0.97km/day
e} AJALA 0.95km/d
29 AN 93m/minx8hr/day)| (2.0 1m/minx8hr/day) maay

27kl 24 544

9 YAY o B

CTV Wael 434¢ 19 841 892 38 559 &

i

g oldel meh =FAE AL 594 62
¢ AZ7lE He 0.95km/day(CCTVE G+

HuxzEd)e] 29d s st AoE 2AEAT
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dEH), BAEY, FJLdBAY, FYgutFed 2ad ARE gu|dch G9 2
F AAPLE 99 AJEF(EoOImE FY A28 A min)2E2 o] A&

£ o

SA449 489 29 AdeTF WM Ee £ % 200mE =
At 2 AHFAAL DL AL TR FAL T)E A Y 28A
< 116% 2eF0eH, ety AYEFH d4Yd 28438 EdE DPIM %
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@ DPIMEA A S -HuAZRAGE

i

<E 3.35> HiA #4d FY Ma

o A 2007. 10. 22.
DA 4EZ F 200m(50m/3) <4 3])
231919) %19 : BaA F4A 19

DPIM #4& CCTV 29¥43%s g2 594 ¥a 9 &3 ws 50|
97 MEe] AYAE BuAE A4 A% E2ad F4A47 19 FYEh
48 4909 w9 FYBF YA S BAIH, AIFE F 00mE HILA

Aok wAY AHFAAZL $)S Adetd Bax AY AAELS o

i
—

=z

B 3142 Ry 3 2 2 2
TAAE |BuA CDA%, GAELE
2 cDA% [cA % ° ° ° °
T A= m) 50 50 50 50
7 % 22 A 7Hmin) 14 | 13 14 15
4 24 % (m/min) 3.57 3.85 3.57 3.33
% B 2= (m/min) 3.58
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B ~Z(DPIM 42 AE 54 23
DPIM #4 Ad SA243 3o A2 1.73m/min, A 24 B4
< 358m/min YEFSETE

DPIM #4e] A48 19 847 e & ot

ot

DY Aol A4 YAgow

sha g 29 2t

-

<3 3.37> DPIM w9 A 443}

299
A 1.73m/min 3.58m/min 2.66m/min
0.83km/day 1.72km/day
A A 1.27km/d
=° ®  [(1.73m/minx8hr/day) | (3.58m/min*8hr/day) m/day

sgos AU 44y F4uDe

o
w
v

N

"

it

o

At A 7|E 1.27kn/day7F AFEE 9 H, CCTV & qh2
km/day ¢} Bl 23lH 0.32kn/day o)A o.E
A4 2 ML PAR)E AEEE ded 2o

A2 24 1] & (Productivity Achievement Ratio; PAR)

Actual Productivity(AP) + Obtainable Productivity(OP)

= 1.27 + 0.95 =134(%)

A3, aAQ A (DPIM 2 el BLd)dH 35
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DPIM #4ulel ZA4 egyel #usx @ow 484, 44, F4 5ol
CCTV #Ant 453 $9aitis DPIM Aulel dAF7ee A&arlst wa
stu] DPIMAH| 9] o] $BE FUAFE o8 F§53te] A Fgo] =3
Nele BAHoE oleso] maEth mebd AAY BIY BHL o CCTV 3
43} wwstel DPIM B4 $918 933E A& A5H7l doin W$ 52

ARk o 2 DPIM gHle] ZAA 834 42 7|E A2 P23 6 as),
Ao £ HlE(costs)® AIE B

(benefits)ZFe] HlAL - £4 & HAA st o]& 3 DPIM FHle ZAAH $9&
g3t Au) el B3A4E YFsE Aotk 23y DPIM Fule F7b H)
2 n¥LeAE Foste] CCTV
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7 gebd 5 Aok we AR

Mol FeHQ SFoN BH AL 5Y5L, BARRE FRHE Aol wy
43t}

wald B gelAE DPIM 3ME 9T A%, saARA Az
A @elw %7 A9 AHH NFEH 2 T WIS BAFozA AL

AH Aol EASI] Astel B AP SFRARA AFGAA ARE
DPIMAH & F95he] 71E9) CCTVHH R +48d A4 dolAAUE o

—_—

23 DPIM AHZ A FdstE Aoz 788t a, DPIMANE S¢3to=zx &
A F de F7HE 4 H2Y9 Hu - HEE B3 AAH BHEAE N F
3tk

B FoAE 7]&2 CCTV 243 DPIM #WAdA #AEE vE 2 #9
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CCTV %43} wlilste] DPIM WA¢] ¢ =Fuldz 2 484 24 e

| A5 DPIM FH] AlZe]§ 2 FARS v& Fo] #7172 28HE 302

o

#FA, shedARgAel 2e5E A B CCTV #dMe v o=
DPIM ®AeM e HEe7F Fad AAZ ASHL Jdoy 48 H&o] A4 &
= AoR AW a3 I o R H9FHE RHE(HRY 5) £ VIE
HE (A, 88 5) 5o AT 5 Atk 2y A ¥ AA ¥ FA
¥e AR v wge AAGEE 2 FAME L4983 V&S a9

844 ersket.
Webd B golH weld DPIMWA S F7bulge ulAd vlgn fAns
M g0z FAHC um, WA Wee =Fu A7 5 A Fae] BE AAF

9 Aoz FAH .
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B 3A4 24e A% W 2 7MY 2A
w=Molg DPIM FH|E c]&do=24 d& &
FUHE &S E4Fo2H, DPIM Fu27E 53
AESE Aotk &4, A7 QAN ZAA £42 DPIM 49| F83 o] %
Ed2 o]FoixE HAeo] opvrg, AAA HolH Y
goll glof &2 Aleko] subATt. wehA FAY &
€ AT A % 7MY Aol 87, o3 e % gL A7 1
¢ 524 # DPIM Fulst @€ ZAH #4820 net 2  glomz
F 2 A AR A B - ERE =33 2AE SRl g
DPIM #ule] AAAN E4& 98] DPIM Aule Aznlg& 2 a4, At

4
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DPIM “¢H]¢] A|=tu]-&-2 v AEdAe] & &3 DPIM FH 1HE A
Aste A4E VIFeR 7 Fo FYEE 2Q8HE 7HES Hoste g B9
Zo] F 30,000,000 AEHAoH, 5 FF DPIM FHE tiF idstA =2
A5 AL oS dold Aoz odr.

<¥ 3.40> DPIM #AH] 1t§¢] #)&u]&

AEEZHE [AANE, 322, Ax 22338 AF7], A5A<E7]| 10,820,000
G A7 AEEAFE, EUEH F 4,092,000
g A o F- A=, JHde & _ 5,080,000
A AR A 2o 8, 2 10,108,000

% A &8 L(DPIM #H] 19 718) 30,000,000
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ACCTVEGTT 2 A4An)-19, Pluzd@Fde 2 g4
$)-19), FHLAEAED-19), RIALYA-19), RIARY REAHEARA
$)-191e% 44 stk webd DPIM 3uls) $82 54 71& CCTV 29744
of FAHE 59 =TA ¥ wINRY AR 19 428 & e Ao )
FAAGH A i A - Shirle] HEaE

= o
20049 ty) 48 AU JFAY 2A BB

-

<% 3.41> CCTVHA3 DPIMWAe] x=Fu]g vl

t

system 1 108,828| 108.828 1 108,828 108.828

244
Fulnzal 1 79518 79518 1 79.518| 79,518
or 2.9 2 50.683| 101,366] 2 50,683| 101,366

BIA
1 79.518] 79518 1 79518 79,518

=g 7}
Bz 1 50.683| 50,683 - - -
27 6 - 419913 5 -l 369,230

419,913 ~ 369,230 = =%H] 50,683¢ A7
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<4 AHH

o F9H= T2 Avek DPIM ¥4 FdHe F8 Fue 2ox & 5
=L
=4

Z AR} 7,486 7,486 | ZAMEE 7,486 7,486
CCTV DPIM

P 205,800 | 205,800 . 205,800 | 205,800
A 3FE) 2,676 2,676 5 E 2,676 2,676
37| 215,962 A 215,962
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@ HA27105 9 S (Minimum Attractive Rate of Return; MARR)

HA7HFIEL 7Idoly Agle] Fxg AFo sty FYPo2ZHN WolEd
F AE HA2ee FAEEN 7YY B AAE FEo o] gAAAHY T FEo
=)

o ddxFege] g BAE E4e AT 3o A fAEs
&

Fog 17538 AH] A L9 5% 67103 77z we Frlgog A8
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Pt Ao 7HA

s DPIM Z#] 1t A =H]-& :30,000,000¢

s DPIM ZH] o447 @ 10

aDPIM #H] Az7F fAwS 0§ 0 17597 AZu]g9 5%, 671097 A 2]

£9] 10%

= DPIM €zt 24 7 © 1804

s DPIM AH| ZQlo] e =747 o4 179

m1g =74 A 50,683
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= 27|52 E(MARR): 10%
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@ He)/vlEu]E 4 (Benefit/Cost Ratio Analysis) ¥ <o) £

DPIM ®4le] F7ih| &< aestA] &x
g & gle=z DPIM H =¢o wE& A 2AA(36,041,772¢4)% DPIM &
H] o] AP FIHH]E-E 4E vl - BT

DPIM%4} o] Azt F7bu] 82 DPIM AH] A ZH| &3 At fFAHS HEo2
o] Folzith W 9 JHF A DPIM 4] 1] AZu&L& < 30,000,000, Azt
FA BT ¥ &L 1753 1,500,000(4] 28] &2 5%), 67102 3,000,000 (A 2}v] &
9] 10%)°] 28T 3+ 10de] Z#4g $ DPIM ZFH|o] X &7tx 2 &
AAstAh g 182 DPIM Wale] Az S g3 4y

=
H g A4 Yeld @8 5 F=(cash flow diagram)°]t}.

FygAo s AAH B e B4

35436 5808
DEMZ &S] 7 & SARURE

257382008
g?_&g;&bg‘@ggm?zg & A A A A . T .
Z 1

67182808
W7 TEd HEEY w8

G, . NS A, | 6 {7 B 19 1o
S%=1500,0008
HUEE @ RAe BF

10%3,000,0008
WUEE Y BR e HE

300000008 \
DRI E] AEE S

(1¥ 3.106) DPIM ¥2l9] d588%

"

)

°]/v]-§ ] -&(benefit/cost ratio) B ol Fx} tjcte] uwg} @AgsE H o
E A} 7} 2] (PW; Present Worth)9} A8 5
£ H&& T3 AAA AAAHE BdsteE dubHQ AAA Eaubdo|h Ay

=, "/m g HlEol 120 & A¢ 2 FA gk
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DPIM wale] ZAAA AL 98 dF ZEEE vEez HY/ME HES
AEskd vhg 4 37 5.9 2.
m BAHEA AR 7HA(PW of benefits) A 3,
= 35,456,580(P/A,10%,10)2) = 35,456,580 x 6.1446
= 217,866,502¢
m Z7Mu]89 A7 (PW of cost) 4 4.

= 30,000,000 + 1,500,000(P/A,10%,5)

+{3,000,000(P/A,10%,10) - 3,000,000(P/A,10%,5)}
30,000,000 + 3,000,000(P/A,10%,10) - 1,500,000(P/A,10%,5)
30,000,000 + (3,000,000 x 6.1446) - (1,500,000 x 3.7908)

= 42,747,600

©]/H] & H] & (Benefit/Cost Ratio) 2] 5,
= PW of benefit + PW of cost = 217,866,502 + 42,747,600

| ]
r\:l

=510 >1

Ao/ vl BA A #o/HlE vgol 1RY & 5100 AEHAG. wet
AQHE HEEY BAHE #HYo] ¢ A=
2 AARE G  JoH, woldo] TAHFES & + vk EF DPIM ZHE

=48t WFATA0D)FTL EFoEA dojAE ol FATANNPW;

= Folel o] FAZFX(NPW) 2 6.
= PW of benefits - PW of cost = 217,866,502 - 42,747,600

= 175,118,902
2) P = AP/A, i, n) (P/A, i, n) = [{A+D"-1}+-{x(1+D)"] : 7S
P : FAZEA(PW) A a3 5999 (Annual Cost)
i: Fa7|d¢YEMARR) n: AEF

— 166 —



, BAZEA 2 1751189029 9] o] 9jo] LA
WA= 4% DPIM #HlE

2
o8&t 10687 FAZIAE F 1751189024 9] H|&& HAE =+ 3l& A= £
A A

@, 109 B¢ w3 wASE &olole Axas] 9ls) DPIMEA S 7jul 4

m F7MH] 89 A7t T FX(AW of cost) 21T,
= 42,747 600(A/P, 10%, 10)3 = 42747,600 x 0.1627
= 6,955,035

A olE A A9 DPIM A

3) A=PAMR i n (A/P, i, n) = [{ixX(1+D}+H{A+D"-1} : T7HT
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@ FI& (FA3E) ¥4 (Rate of Return Analysis; ROR Analysis)

DPIM #4le] AAA #r7t 7Hsdiets DPIM ZHlo] FRE§o 24 oz
E Fgo] ATFA7 Ndste A2V UFAdEMARR)C WXA R3A HE,
AZAAE CCTV %24 DPIM WAooz gAsted & e z2tx %4 @
. wetd DPIM v = wE F98< BAstg AFHAN 7dste 4
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4
s
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oA =EH FAAA HoHES EUiE DPIM AH|9 42 E(; interest)2
AketdA o 4 8.3 2t

= &0 2 8.
NPW = PW of benefits - PW of cost
= 35,456,580(P/A,1,10)
- {30,000,000 + 30,000,000(P/AL10) - 1,500,000(P/AL5)}
= 5,456,580(P/A,L10) + 1,500,000(P/A,L5) - 30,000,000
=0
~ I =1035% > 10%(MARR)
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5) &4
B 7oA /Ed DPIM AwHlel Bd RO kdA, 4, A Beds '

4. g7e7] S B4AEe wEoz HoHE +¥s%n A5WAE £U5Y
o

DPIM vl 4537 $8e A4 249 39, 71E CCTVEGE4% 1)
BE 93 ANY 34 2L TE4T AFEYS B A4 dold F3 U
DPIM W49 444 24< B3 444 33 A=% 29 B8 240
24, DPIM 31& =ggozd 7dd & gt

3T
=
Fal CCTV w43 wlmw - 2Asar. 244 B34 24 ndl . gaa us

% /P3¢ 4% F DPIM v =qol we AZgAY Y A $H(An

. S EEEEZDE Ak q(O.95km/ ) | 34

"g’x‘l'*é ‘ézg 1.27km/day H?’H—l O“l"] fB o— ay D}’ 0
Z7hE A4 B 5%

ALY Ak L A%H AFl %

g Fd gr

NEAA ] AN We) BA

73 Hel/m & = 10 18t} & 5.100] EFHALBRE, FIIH O
Al H) & ' 2 4285 E vgRTg o & #eo] ¥y

A gF ozt 29Tk DPIM AH| dA<:
B Zole]  |28501,5459/d A ch “;‘;

o107 ¥ 197459 T o) Fol9

9 2] & 175,118,902¢ 5
FAMH]  |E '{-,‘g’ CCTV Hralzt vlwdle dA7F 24.9%<

E}

o A& 24.9% A A7 &3

[e] (¢} =1

! F9g 103.5%7F HA7|HFYE 109}
ToE 103.5% A A3stez DPIM #ule] FxtsleE A

5 < AA xdAdew g s

] 20l B 7] A ) Q) 51

T pamog | qusga  [SUEEY 14 SARATAD) ol¥RH

= DPIM 3] =90 @ o] way
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A72 GISS AT BEAHR7 2 YA LH AL

1. I ASAEE @4 GIS 8%

7L F7F AARAA AL

AE-ole 274 A FRI7IEE &6kl fAske] 19959 FH A FHA
2+ 9] =7}1A]#) A B A Al (National Geographic Information Systems, NGIS)
FAY S FAM e gtk

1995 % H s3qd Al F7IGIS7 AL 2147 nEsHArs]] hH] st
of 7k GISZIWE 24’ & HFHOoz 3on, 2001d%E 39 A23t
=7F GIS7|EAE LS 'S/l B7|E &%5ste] tgAdRE A4d & 53E
APt 2006@FEH AYFHT e A3F} FUIGIS7| AL [ulHAHA
ZE A¥E gt 78 24 & BRE 3 vk F7IGIS7IRE o) 9 A g
75, SVIGIS &&7HX Suis, 7P RS # 9

<13 > X < 33>
2147] ) CXTETEPS
o || wEsaEe) e FEH 2E AdE A
SHEEEEEZEED OAE2E Ad e
GIS7|qt =4
| PiEzass els | MW [Smaaa g | B (SoGsd 90 2
Aoy 7T 2 A g 945
L e e gy | gume lusiras gEe | u-3 |[edEae
| [T =23 AAg | A€ E 7PN E 5
Ul gnes ases | gz [B00-A29-9 | zy) |F4CS 287
A1) A SR ABUNAA | ag | 308
|| 3dan veles 23t N e FERCER
Sop3 SR A Srh SEERE
AAE 2 7 A
< % 3.110 > J7IGIS7|2AY 585
. 7t X AR 75 A

2]
1) A¥Y=E FAAZ3} A (1995 ~ 2000)
E

ME Foriae] o wet FAAFETL Az wE MY ZA4 TH
3

2, AgE 2 AHA 59 TAHE e F7HAIRL GISTEE 4%
Al FX37] fidte] FUbAbdeM AFE FAAES ANKRE F8HA Hlo
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[*]

| AlES FEXAZHARY FHOE FEATIY FAXNYEE TFo2 AT
Ko, of 7429 48] Jito] FYEHIIH

200082742 1/1,000 FAAPE 1242854, 1/5000 FAANIEE
16,1945, 1/25,000 FAXPE 75454 5 F 29,376 AZ=HA. ot
=9 ®EE 199594 200097448 FAARE A AAE veRd Zol

<

3]

3.46> A=Y FXXYE AFAZA (19957 2000) (Y : =99)

3, AFAY 5
1995 329 HARA] 2 57 4,426 -
HAAl 5 570 357140 7)
AEYLY, FEAY &
1996 4,491 | AeA 5 237 4,170 | ° % 159
&4 5 237 (& 46704 7F)
FdAY, 29
1997 5171 | AeA 5 267 3,389 N -
“]E ] ) H %_._ 227]12]_?)
1998 2,053 | B€g¥A] T 207 1,676 - 360
1999 384 B B 470 1,994 - -
2000 - 539 - 235
A 12,428 16,194 754

(2) FFFAE FAA XA (1998 ~ 2000)

N Farziae FHd met FALTE ARl wE HEd 2o, FEF
o= 9 A FE T B BAAS i3 GISTHS d8stA 33
71§18t} 7ol A9 B PEFAEE FAAEH AQoR FAat
A =Gt 28 IMFAASEY AT 2G04 AAG A97 vFHIAE=
Ao FAYE w2 AATEERAF S FIEY] A AFAM FAE FRrst Z2AL
HOoZ GISH-EY Az dAHE FEda L it =8 o7 d&w
d FAAE BRed § AELHE Fdstol IAAGISTHAIY AFgFL9 F

Fetal JrAYG Y] FPow A AU o] A2 1998dH-E 2000
A7k oF 258999 oAite]l FYHNoH, ARFAF JVFor FEXYPRY,
FEATY, ¥FnTATHANA A S FBsHA.

AJsd A AF, AFAADA Y FA7|He] 3FLE LS FHIVE

>

’

{t

|
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o AdErt og 9 Aol AAHZ e, 1998HdE 3l 199949 % FH
TEA R dF FEFAE THEAC FAHNY B5Y = FEFAE
AA w3 A e AFARIE AR A d e v Zlolth

o

+r

<E 347> FTFAE FAALES AHYAH (1998 7 2000)

i ATE 38%A 2
EXo]|L3I ‘ EXIdAR
el 8 AZEEE F 12,400 =4 FEART

AL 2 3} 721 b x-3

coge AE&A], OJ_zM, d7old A7IE 1674A1F& dmmEaTe
gaor & 71059 AR

TEO| AR TSN (AFAE 23 Y £ A uF R} A} A

EAAYE W EA(AFAE 23 Y F) A A A

PPFAS WA (AZAE 22 Y £ 3 2} R F-
AFEY 52.4% AF

A A H 1/1,000 &3 9605%¢, 1/5,000 =3 ZEAT 4
6,729%5¢

o AFALE FR #E A

(1) AFANLEE FAA A (1998 ~ 2000)

ASFALEE HAbst 94X AE Fo718Y FHo w2t ARH HEd Ho
g FEFA, A8E U AHY FL 9 AV sl olF @
AHEQ GISTEHE 483HA F3387] f3te] I7kakdelA AP 3 FAEY @
A AFANLEEE FAANES AFFoR F3HA =T o] AFdS ARI7|ZEs <t
ok 906999l oate] FQlEon, JHFAFIFOE FEATHAN AEE
FRAh £ Az D FE2AA v FOE AIFSFTE AdFo] AP R EH
(FEADFZED AN FLZER(HAAHALTH)E ol#st] Fsk3th

oo BE AL E FAARS 43S YERd Aot

l

NoBr
o

(U.L.
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<E 3.48.> ASMAAE FAAE3 A4 (2000.03 A

= 97,285.1 88, 750 0 35 014.2 39.5

s
SR 59,762.2 56,516.2 15,250.0 . 27.0
FANTE 2,076.7 1,968.7 605.6 30.8
7t 1,955.0 1,955.0 1,482.0 75.8
EAZEA 16,629.9 16,559.2 12,932.6 78.1
A7) 14,920.0 14,920.0 405.0 27
Al 111,545.0 111,545.0 111,545.0 100.0
S 920.0 827.0 0.0 0.0
WA # 2,258.0 1,636.0 ‘ 1,512.0 92.4
A 307,351.9 294,677.1 178,746.4 60.7

(2) AFANALE BHAA AL APEA (1996 71997)

sk AbElelA EA] ZIHEAE S TR o] T oY, AF Ald HR
e AAY FAZ ¥ % Aln F 22 Abnoh Wiws] dAsginh ojejst At

& Aol oAdetr] g AYALE F ASIA AR tid YR ZAREAL

L FHALEE HA TS 24+ U FAEES Hdstn I dAutke
AAEF7] Hsto] AAl A E T AA ML AHA

A A E T A AMNE AEALG S <F 149
ARREHANN FHoRE FEAT Y] FHsRe, AMAAE AT A 4 A
HE 199590 &tk 28l 1996WdlA 1997d7kA] A= HHA] Al7b
3t (21.25kN) & ABAGo® AAst] ATE, st A7), B, 7kx, A9
Wi, A 59 ASMAAEAES ddoR AMAG S AAlEHATH

ARIALG el AHE ASHAIEERE O ek HA, ¥y, AH, BFE A=AN
T AEZF Jdto] wlEEow, ASFAAHE FFTE ZEgHo] MLFHUG
gl ASAEE BHAE Aueto® ASAHE #E AAEE 9% #E
A ], #4 i Ay, 2 s Fu
AA MEAZCH I ASFAAEE FAA FABHAFA ROl vtAHAT. =3
ARAd A dhetd A EERE 39 FAE fAste WHoER A

C
a5

rO
ojrl
o
2
>
il
32
o
2
)
_<)|L
>

x
i
r )
At
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AE FRAEAY g AAFFeH, AHAGS 3 vdE 4F AR
EUE A5 AN AstAEdE FFEAN"ES T

N
=
£8 5 RS Fu U £IRge AAHA.

(3) =29 AFANALE FFTHA (20017 AS)

29 70 AFANEEY ARE FTBYTOEN FEE a&HoE #HY s}
T HE AAE FHOF QE oabdu] %A 9 7F GHALLE HE 5 Ao

ol E ('04.12), WF(95.) A3 FAb Fol dojd 7tAFHALE AVIE
A2 A FEF AAAE ez 29 et T 79 ASAEE tistd]

QY Gt ANEANYS FAFOEA M8 @ QAT ool F1of kA

olo] wet Ar1FH oz 20059 12874 AFALE FAANE3 A
3070 AAAE A AF AAAA dhste] =E 9} A AL E (3t

53 A1E 27 gRgeEN Uxd EALY Jubs wstn, @
AT 847) AFEAE Yo E T2 AFANEES FRE AAsste] AL
o] 7lodsts AL FAUEER H3TH

ZZ9 AFANLE FETFEANLLS F7HAEREAAL 75 4 8 Fol #F
HEo ZAS FAHAUTH A HdE 8470 A (@) F AAA Y =29 A3t
T A 207,482km HAS7L T FQ AMHCE FANH 3,077449
AA 847 Al (M) v AAA F 200549 T A 30704 ¢EE & F YeH, F

F 207,482km % 154,425km7} oln] HArgE e, 2005@ & A 74%
S H Ut

2
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<E 3.49> EE9 AFAAEE F5TFHAMY FI4AZ (2001 7 2005)

DBT%
2001 2 | 13.200
8,608km #
B A B B e A A R
DBT& A
2002 |2 w4t 1 cog [ NEAEEERRANAY, | @R | 20,888
- = , m -
3;:_‘.:_94 %ﬂ/ DB—_rLi = }\])\EE?_E]}\]Z—\—EIﬂ
2003 |4 Ay A T sageme Tzo9s| R gz | 18,338
. 7,017km
ks DBTE
2004 4070 A&}H DB @Arsk =2 &2 | 49,700
18,072km W=k s
DB7-& ]
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% A 87,107 66,486 | 60,065 | 16,856 | 22,545 1991.1~2010
EQAu
“'fqll* 42,047 42,010 | 15,759 | 1,716 11,315 | 1991.10 ~ 2003.12
ME5EA 14,654 | 14,287 4,980 503 4,018 | 1998.12 ~ 2001.12
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o 73 Al 7,125 7,139 1,065 270 1,534 1997.12 ~ 2003.12
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Abstract

In sewage rehabilitation planning, closed circuit television (CCTV) systems are the widely used inspection tools in assessing sewage
structural conditions for non man entry pipes. Currently, the assessment of sewage structural conditions by manually interpretation on
CCTYV images seems inefficient, especially for several thousands of frames in one inspection plan. Also, the assessment work significantly
involves engineers’ eye sight and professional experience. With a purpose of assisting general staffs in diagnosing pipe defects on CCTV
inspection images, a diagnostic system by applying machine learning approaches is proposed in this paper. This research was first to use
image process techniques, including wavelet transform and computation of co-occurrence matrices, for describing the textures of the pipe
defects. Then, three neural network approaches, back-propagation neural network (BPN), radial basis network (RBN), and support vec-
tor machine (SVM), were adopted to classify pipe defect patterns, and their performances were compared and discussed. The diagnostic
system of pipe defects was applied to a sewer system in the 9th district, Taichung City which is the largest city in middle Taiwan. The
result shows that the diagnosis accuracy of 60% derived by SVM is the best and also better than the diagnosis accuracy of 57.4% derived

by a Bayesian classifier.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: CCTV images; Sewer pipe defects; Diagnostic system; Textural features

1. Introduction

Sewage rehabilitation plays an important role as sewage
construction but is not easily processed due to uncertainty
of occurrence of sewer pipe defects. Thus, worldwide engi-
neers pay a greater attention to the proactive and preven-
tive repair strategies than the traditional approach of
regular sewer maintenance (Fenner, 2000). Before under-
taking sewer rehabilitation, four major series steps of sewer
rehabilitation planning including inspection of sewage,
assessment of sewage structural conditions, computation
of structural condition grades, and determination of reha-
bilitation methods and substitution materials have to be
finished (Yang & Su, 2006, 2007). Various tools or technol-
ogies such as closed circuit television (CCTV) cameras

" Corresponding author. Tel.: +886 4 2284 0440x214; fax: +886 4 2286
2857.
E-mail address: mdyang@dragon.nchu.edu.tw (M.-D. Yang).

0957-4174/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.eswa.2007.08.013

mounted on robots, ground piercing radar (GPR), sonar
and infrared thermograph, are developed to assist engi-
neers in sewage inspection (Cordes, Berns, Eberl, Ilg, &
Suna, 1997; Fenner, 2000; Makar, 1999; Moselhi & She-
hab-Eldeen, 1999; Wirahadikusumah, Abraham, Iseley, &
Prasanth, 1998). CCTV, one of the most popular inspec-
tion tools because of its commercial availability, is usually
mounted on robot to be putted inside sewer pipes from a
manhole and remotely-controlled outside to acquire images
of inner pipe (Makar, 1999). In addition, the advantages of
mobile CCTV system include fewer inspectors needed,
more safety-ensured to inspectors, and more detailed data
of distance and slope possibly recorded (Madryas & Przy-
byla, 1998).

Traditionally, pipe defects are generally diagnosed by
human interpretation on CCTV inspection images. It
remains to improve the technology of interpreting an
enormous quantity of CCTV inspection images due to
human fatigue, expertise-dependence, and inefficiency. To
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overcome these limitations, some computer vision systems
based on morphologies or geometries of pipe defects have
been tried (McKim & Sinha, 1999; Moselhi & Shehab-
Eldeen, 1999; Xu, Luxmoore, & Davies, 1998). Sinha and
Fieguth (2006) used mathematical morphology methodol-
ogy for segmentation of pipe defects including crack/hole,
joint, collapse pipe, and lateral, but the method was diffi-
cult to classify those defect patterns into various classes
based on their severity of defects. It was suggested that
the segmented objects have to be further processed to be
classified according to the severity of defects by using other
shape or textural features. This paper attempts to apply
machine learning approaches to develop a diagnostic sys-
tem with better capacity in diagnosing pipe defects based
on textural features instead of morphological or geometri-
cal features.

Like a fingerprint databases, the straightforward
approach is to establish a complete databank, which stores
an enormous amount of CCTV inspection images collected
from many inspection cases. Any inspection image can be
classified into one category of sewage structural conditions
by comparing the defect characteristic with the stored ones.
However, it is almost impossible to establish the databank
due to the natural shape irregularities of sewer pipe defects
and the complex imaging environment. Therefore, this
paper attempts to extract specific principal textural features
of pipe defects from CCTV inspection images acquired in
one inspection mission to train the diagnostic system and
automatically interpret the rest of inspection images based
on supervised learning.

Many researches proposed some efficient approaches to
extraction of textural features. Wunsch and Laine (1995)
concluded wavelet descriptors insensitive to individual
shape variations and better than Fourier descriptors in
shape representation for handprinted characters. Amet,
Ertiiziin, and Ergil (2000) used wavelet transform (WT)
and co-occurrence matrices to extract the co-occurrence
features of defective textile fabrics which are powerful in
detecting defects. Moreover, wavelet transform has multi-
resolution technique, so its sub-band decomposition of tree
structure is appropriate for detection of local signal varie-
ties on images. Arivazhagan and Ganesan (2003) presented
that co-occurrence features computed from discrete wave-
let transformed images are useful for texture segmentation.
In this paper, the hybrid use of wavelet transform and co-
occurrence matrices is considered as an effective solution
for the texture analysis of sewage structural conditions.
Based on the extracted co-occurrence features, the diagnos-
tic system could be trained to assign each defect pattern to
a correct category.

At present, pattern recognition techniques commonly
use multilayer neural network and statistic methods such
as Bayesian classifier, maximum likelihood method, and
decision tree. Marchant and Onyango (2003) compared a
Bayesian classifier with a multilayer feed-forward neural
network to a plant/weed/soil discrimination case. The clas-
sification result demonstrated that the Bayesian classifier

outperform the neural network due to its optimization in
the sense of total misclassification error. Unfortunately,
in most actual cases there is rarely a complete knowledge
about the probabilistic structure of the problem. Thus,
the nonparametric methods such as neural networks have
been proposed to be widely applied to many actual pattern
recognition problems (Duda, Hart, & Stork, 2001). Cur-
rently, back-propagation neural network (BPN), radial
basis network (RBN), and support vector machine
(SVM) are the three commonly used neural networks
(Liao, Fang, & Nuttle, 2004) that is adopted in this paper
to solve this classification problem of pipe defect patterns.
The most efficient neural network technique is commended
based on classification performance, and finally the appli-
cation of this diagnostic system to a sewer system in the
9th district, Taichung City, Taiwan is discussed.

2. Methodology
2.1. Wavelet transform

Wavelet transform (WT) is a linear transform developed
from Fourier transform. Unlike Fourier transform whose
basis functions are sinusoids, wavelet transform is based
on small waves, so-called wavelet, of varying frequency
and limited duration so to obtain better resolutions along
frequency scale (Chen, Wang, Yang, & McGreavy, 1999;
Gonzalez & Woods, 2002). In multiresolution analysis
(MRA), a scaling function is to create a series of approxi-
mation of a function or an image; additional functions, i.e.
wavelet functions, are then used to encode the difference in
information between adjacent approximations (Gonzalez
& Woods, 2002). A set of wavelet functions is defined as:

Vap(x) = 2779(2x — b) (1)

for all a, b € Z. Z is a set of integers. The scale parameter a
controls stretch or compression of the mother wavelet
function; the translation parameter b is an offset along
the time axis; 2%? controls its height or amplitude (Chen
et al., 1999; Gonzalez & Woods, 2002). Obviously a CCTV
image can be regarded as the change of discrete signal
along a two-dimensional (2D) scale. Hence, a 2D discrete
WT (DWT) was proved to be useful for signal or image
processing and pattern recognition (Bashar, Matsumoto,
& Ohnishi, 2003; Hwang et al., 2005). The fast wavelet
transform was considered as a computationally efficient
implementation of the DWT was defined as (Gonzalez &
Woods, 2002):

%,b(x) = Zhw(b)¢a+1,b(x)7 (2)
Vas () =D 1y (B)Purr (%), 3)

where ¢, 4(x) and ¥, ,(x) are computed by convolving
@at15(x) with the time-reversed scaling and wavelet vec-
tors, h,(b) and A,(b). In other words, the original function,
@a+15(x), is split into a lowpass (approximation compo-
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nent) corresponding to ¢, 4(x), and a highpass (detail com-
ponent) corresponding to ¥, (x).

Due to the separability of wavelet transform, a 2D-
DWT can be expressed in terms of a number of one-
dimensional transforms (Parker, 1997). Through the
decomposition of 2D-DWT, which is implemented by
consecutive lowpass (L) and highpass (H) filtering through
one-dimensional convolution, the CCTV image can be
divided into an approximation image (LL) by a two-dimen-
sional scaling function, ¢(x,y), shown as:

@(x,y) = e(x)o(y) (4)

and three detail images in horizontal (HL), vertical (LH),
or diagonal (HH) directions by the three two-dimensional
wavelets, " (x,y), ¥¥(x,p), and ¥P(x,y), respectively (see
Fig. 1).

Y (x,y) = v (X)), (5
¥V (x,) = o)y (y), (6)
YO (x, ) = YY) (7)

At each recurring step of decomposition, the approxima-
tion image is split into the next level of approximation
and detail images until no more valuable information is
obtained.

2.2. Co-occurrence matrices

A co-occurrence matrix is a square matrix in which each
element A; in row (i) and column (j) directions records a
relative occurrence frequency of a pair of pixels with the
same gray level value separated by a certain pixel distance
in one direction (Amet et al,, 2000; Parker, 1997). For
example, the approach of computing a co-occurrence
matrix by one pixel distance in row direction is shown as
Fig. 2. It is notable that the size of co-occurrence matrix
depends on the range of the gray level values of the CCTV
image. In common, there are 14 types of co-occurrence fea-

Columns
(along n)
Rows Low LL
(along m)
Low
High LH
Low HL
High
High / HH
E : Image : Filter

Fig. 1. Two-dimensional discrete wavelet transform.

— (column) . 0o 1 2 3

T 0ofo |12 ol1]o0lolo
@ lg 2|11 1lol2]27jo0
20123 :: 221000

3|1 11]3]|3 3707121

Image I(x, y) Co-occurrence matrice

Fig. 2. Example of a horizontal co-occurrence matrix computation.

tures derived from co-occurrence matrices useful for pat-
tern classification (Haralick, Shanmugam, & Dinsten,
1973). However, the relationship between the co-occur-
rence features is not absolutely independent so that the
redundant features would reduce the efficiency of pattern
classification. Through a discriminant analysis, the most
independent co-occurrence features with co-relation coeffi-
cients of less than 0.5 were found as entropy (ENT), corre-
lation (COR), and cluster tendency (CLU), which were
broadly used to describe the textures of objects on images
(Amet et al., 2000; Arivazhagan & Ganesan, 2003; Hwang
et al., 2005; Yao & Li, 2003), and are employed in this
paper to describe the textures of sewer pipe defects and cal-
culated as: '

ENT=-) "> P;-logP;, (8)
=1 j=1
DA (R)) Sy

COR = 21_12.,_1( Py, —1 “y7 ©)

00y
CLU=)_ > (i—m+i—u) Py (10)
=l j=1

where
M.

P = e (11)

LMy

szzzi'Ptj (12)
=1 j=1

:uy:ZZj'Pij (13)
= =

o> li-w) Py (14)

=1 =

n

=3 Z:ju— W) P, (15)

\ i=1

2.3. Back-propagation neural network (BPN)

BPN, a popular technique for pattern recognition and
classification (Nolan, 2002), is one of the multilayer neural
networks which usually consist of a three-layer structure:
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input layer, hidden layer, and output layer. The numbers of
neurons in the input and output layers are given according
to the numbers of co-occurrence features and classes of
pipe defects, respectively. As for the number of hidden
layer neurons, there is no definite number and usually
determined by trial and error (Moselhi & Shehab-Eldeen,
2000). Hidden layer neurons are fully connected to both
input layer and output layer neurons, so the utility of hid-
den layer is to take in the external input or to send out the
network output. Each hidden neuron computes its net acti-
vation based on the weighted sum of the input. Similarly,
each output layer neuron computes its net activation based
on the weighted sum of its net activations of hidden layer
neurons. The type of the net activations between the
input-hidden and hidden-output layers is defined as (Duda
et al., 2001):

net = ZXPwp+w0 (16)
p

where X), represents either the co-occurrence features with-
in the input-hidden layers or the activations of the input-
hidden layers within the hidden-output layers; w, is the
interconnection weights; w, is a bias; the subscript p in-
dexes units in the layer. Each neuron within the hidden
and output layers has a nonlinear sigmoid function of its
activation shown as (Duda et al., 2001; Vapnik, 2000):

exp(net) — exp(—net)
exp(net) + exp(—net)
if net>0

if net<0

Sgn(net) = tanh(net) =

{,

During the training process, the optimal weights are esti-
mated by minimizing the Least-mean-square (LMS) be-
tween the desired output #; known a prior and the real
output z;, The LMS algorithm is adopted for evaluating
the training error and expressed as

(17)

J(w) :% Zc:(t, -z, (18)
=1

where c is the length of the output vectors; w represents all
the weights in the network. Consequently, the basic ap-
proach of training a multilayer neural network is to input
the training patterns of pipe defects to the input layer
and to determine the assigned classes at the output layer
via the network. The learning rule of BPN is to adjust
the weights using the gradient descent of LMS for the sig-
moid approximation of neural network. Initially, the
weights are given randomly and adjusted in a direction
by the chain rule for differentiation of J(w) which involves
two learning parameters, learning rate () and momentum
factor (6). Learning rate controls the relative size of the
adjustment in weights. A large learning rate speeds up
the rate of gradient descent, but decreases the stability of
the network. Momentum factor is used to dynamically
adapt the learning rate so that the danger of instability

could be avoided and the convergence performance could
be improved (Duda et al., 2001; Vapnik, 2000).

During BPN operation, the difference signal (#-z) is
propagated backward through the network to adjust the
weights using the gradient of LMS for the sigmoid approx-
imation of neural network. The output vector has a dimen-
sion of ¢ xn, if n frames of CCTV images are inspected.
Within an output vector, the /th element as “1” represents
that this CCTV image is diagnosed as the /th defect pat-
tern. Once the multilayer neural network is well trained
through the above procedure, the intelligent diagnostic sys-
tem of sewer pipes is ready for the recognition of pipe
defect on a CCTV inspection image.

2.4. Radial basis network (RBN)

RBN, one of three-layer neural networks, is almost same
as BPN, but with weights between the hidden and output
layers. There are two stages, i.e. unsupervised learning
and supervised learning, for training RBN (Zhang, Jiang,
& Kamel, 2005). At the stage of unsupervised learning,
clustering algorithm is used to divide all training samples
of pipe defects s into subsets. The number of subsets is
set as the number of neurons in the hidden layer of
RBN. The characteristic of the training samples in each
subset can be described by radial basis functions (G)), one
of activation functions, as (Hwang & Bang, 1997):

~lis=el P
G, = exp{ 22 }, Jj=512,... ny, (19)
1 j =0 (bais neuron),

where ¢; and ¢; are the center and covariance matrix of each
hidden neuron, respectively, which can be determined by
clustering; ||| denotes the Euclidean distance; ny repre-
sents the number of the hidden neurons. At the stage of
supervised learning, a linear weighted sum between the hid-
den and output layers is computed as:

ny

Z; = ZG/WU, (20)
Jj=0

where / denotes the ¢ classes of pipe defects; z; is a linear
weighted sum of the outputs of the hidden neurons; opti-
mal wy; is the solution of this set of linear equations by
feed-forward calculation (Han & Xi, 2004; Liao et al,,
2004; Zhang et al., 2005). A pipe defect pattern is fed into
the trained RBN to be assigned into a certain class of pipe
defect, so the output vector also has a dimension of ¢ X n, if
n pipe defect patterns are recognized. Within an output
vector, the /th element as a maximum z; represents that this
CCTV image is diagnosed as the /th pipe defect pattern.

2.5. Support vector machine (SVM)
SVM is a special type of feed-forward neural network.

Given a set of training samples consisting of pairs of co-
occurrence feature vector and class of pipe defect labels
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as (X, Y;), in which the subscript i indexes the lengths of
the vectors (Y; € {1,—1}, X; € R"), the training approach
of SVM is to adjust the weights w and biases b (b € R) to
search an optimal hyperplane and maximum margin which
is defined as the distance of the closest vectors in both clas-
ses to the hyperplane. To find this hyperplane the following
quadratic programming problem has to be solved (Schol-
kopf & Smola, 2002).

Min (@) = 5(

st. Vi{(Xi-w)+ 5] =

w-o) =3l (1)

1 foralli=1,...,N. (22)

However, it is difficult to straightforwardly solve the above
primal model. Based on the duality theorem, the primal
model can be transformed as the following dual model by
modifying Eq. (21) with more convenience. To derive the
dual problem, the Lagrangian is introduced,

Max  L(w,b,2) =%I|wll2 - ZN:ii{YiKXi -w) + 0] -1},

(23)

where 4; is Lagrange multipliers. A maximum L must sat-
isfy the following conditions by applying a first-order der-
ivation to Eq. (23) respective to b and w as,

awa ZAOY_O 2 >0, (24)
_(‘é%)ﬂ_ = VX =y, X >0. (25)

Only the Lagrange multipliers are non-zero at the saddle
point and precisely meet the constraints of Eq. (22) as,

AVi(Xi @) +b)—1]=0 foralli=1,..,N. (26)

The patterns X; for which A; > 0 are also called support vec-
tors (SVs) which lie exactly on the margin (see Fig. 3), and
all remaining training samples satisfy automatically their
constraints Eq. (22). Substituting the conditions for Egs.
(24) and (25) into the Lagrangian Eq. (23), the following
dual form is obtained as

Max L,(w,b, 1) = Zz --ZYYUX XN (27)

In pattern recognition, a decision function, which cor-
rectly classifies the labeled samples (X;, Y;), is defined as
(Scholkopf & Smola, 2002):

Jos(X) = sgn({w - X) +b). (28)

The way to find a large margin hyperplane for the linearly
separable data by solving the above dual optimization
problem is addressed above. However, to make SVM
appropriate for real-world decision surfaces, several ker-
nels are used to nonlinearly map the input data, X;, from
a sample space into a high-dimensional feature space where
the implementation of linear separation becomes much eas-
ier (Cristianini & Shawe-Taylor, 2000; Vapnik, 2000). In

Support Véctors

Fig. 3. Classification of two classes using SVM.

this paper, well known kernel functions, radial Gaussian
and polynomial, are used as (Brudzewski, Osowski, &
Markiewicz, 2004; Scholkopf & Smola, 2002; Vapnik,
2000):

Radial Gaussian : K (X,X;) = exp(—|X — X,||*/26?),

(29)

Polynomial :  K(X,X;) = (X" -X; +7v)", (30)
where K is kernel function; ¢ is the width of Xj; r is con-
stant; d is the degree of polynomial.

A complete binary classification, where a class is labeled
as either +1 or —1, has been discussed previously. Whereas,
the pattern recognition of sewer pipe defects, one of many
real-world problems, has more than two classes. Four
methods including one versus the rest (also called one
against all), pairwise classification, error-correcting output
coding, and multi-class objective functions are able to deal
with this issue (Scholkopf & Smola, 2002). One versus the
rest, the most widely used by a set of binary c-class classi-
fiers (Liao et al., 2004; Zheng, Li, & Song, 2004), repeats
binary classifications to a multi-class object according to
the maximal output (Scholkopf & Smola, 2002).

3. Study site and experimental materials

Water Research Centre (WRc) in UK categorizes major
sewer pipe defects into 10 classes including open joint, dis-
placed joint, crack, fracture, broken pipe, hole, collapse,
spalling, wear, and deformation (Water Research Centre,
1993). This categorization rule has been widely applied to
many sewage inspections and also to this study case. The
recent inspection work was implemented in 2002 prior to
a connection house program for the study site. Thousand
frames of the CCTYV inspection images were acquired and
processed using 2D-DWT and computation of co-occur-
rence matrices described as follows.
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Table 1
Classification accuracy of sewer pipe defects using the BPN classifier

Experiment II (%)

Pipe defects Experiment I (%)

Open joint 35.5 66.4
Crack 24.1 67.8
Broken pipe 43.8 0.0
Fracture 67.9 21.4
Overall 474 54.6
Table 2

Classification accuracy of sewer pipe defects using the RBN classifier

Pipe defects Experiment 1 (%) Experiment I (%)

Open joint 30.0 68.2
Crack 35.7 57.1
Broken pipe 68.8 25.0
Fracture 50.0 28.6
Overall 38.1 54.0

short computation time. Secondly, RBN offered a better
classification accuracy of 25% than BPN in the class of bro-
ken pipe in Experiment II. Thirdly, the overall accuracies in
Experiment II are higher than Experiment I. In conclusion,
RBN in Experiment II can perform the best classification.

SVM, a new classification method developed by Vapnik
in 1999, finds an optimal hyperplane, which is orientated in
such way that the margin is maximized, between any two
classes (Liao et al., 2004; Vapnik, 2000). A less number
of support vectors, usually about 10-30% of the total num-
ber of training samples, is expected so that the trained
SVM could have a better generalization ability (Tran,
Zhang, & Li, 2003). Originally SVM was designed for solv-
ing the problem of binary classification only (Liao et al.,
2004), but recently has been modified for multi-classifica-
tion, such as the problem of pipe defect diagnosis in this
paper, by applying a “one against all” method (Liao
et al., 2004).

Suitable for a linearly non-separable problem, SVM
with either the radial Gaussian kernel or the polynomial
kernel are applied to the automated classification of defect
patterns. The parameters of the kernels affect the classifica-
tion accuracies (Vapnik, 2000), and are determined based
on heuristics during SVM training (Seo, 2007; Widodo,
Yang, & Han, 2007). SVM took about one second on Pen-
tium IV 1.3G PC for Experiments I and II to obtain clas-
sifications shown as Tables 3 and 4, respectively.
Comparing Tables 3 with 4, SVM classification with differ-
ent kernel functions obtained similar overall accuracies,
whereas overall accuracies appear quite different and
depend on the selection of training samples. Moreover,
these testing results demonstrate that the obtained classifi-
cation accuracy of each pipe defect in Experiment II is less
affected by the selection of kernel functions than that in
Experiment 1.

The acquired numbers of support vectors in Experi-
ments I and IT are given in Tables 5 and 6, in which the

Table 3
Classification accuracy of sewer pipe defects using the SVM classifier in
Experiment I

Pipe defects Polynomial (d, r) = (5, 3.3) (%) Radial Gaussian

o =0.5 (%)
Open joint 46.7 11.2
Crack 40.2 90.2
Broken pipe 87.5 50.0
Fracture 48.2 28.6
Overall 46.7 47.1

Table 4
Classification accuracy of sewer pipe defects using the SVM classifier in
Experiment 11

Pipe defects Polynomial (d, r) = (3, 1.2) (%) Radial Gaussian

o =0.3 (%)
Open joint 73.8 76.6
Crack 62.5 58.0
Broken pipe 18.8 18.8
Fracture 35.7 23.2
Overall 60.0 56.0

ratios of the total support vectors to samples are either
within the acceptable range of 10-30% or approximately
10%. Basically SVM in Experiments I or II could be trained
to be with superior generalization ability. With SV ratios
over 50.0% (see Table 5), the defect pattern of broken pipe
classified by SVM in Experiment I was over fitted due to
relative less samples. Comparing the classification perfor-
mances of RBN and SVM in Experiment II (see Tables 2
and 4), it can be found that the overall accuracies of
SVM are little better than RBN. As for the efficiencies of
classification, RBN or SVM both took an extremely short

Table 5
Numbers of support vectors (SV) in Experiment I

Polynomial (d, r) = (5, 3.3) Radial Gaussian ¢ = 0.5

Pipe defects

No. of SV % of SV No. of SV % of SV
Open joint 12 11.2 7 6.5
Crack 16 14.3 3 2.7
Broken pipe 14 87.5 8 50.0
Fracture 14 25.0 8 14.3
Total 56 19.2 26 8.9

Table 6
Numbers of support vectors (SV) in Experiment II

Polynomial (d, r)=(3, 1.2)

Pipe defects Radial Gaussian ¢ = 0.3

No. of SV % of SV No. of SV % of SV
Open joint 9 8.4 7 6.5
Crack 10 8.9 9 8.0
Broken pipe = 6 375 4 25.0
Fracture 7 12.5 7 12.5
Total 32 11.0 27 9.3
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Table 7
Classification accuracy of sewer pipe defects using Bayesian classifier with
[ENT, COR, CLU]

Classification Column
Open Crack Broken  Fracture total
joint pipe
Reference Open 77 26 2 2 107
data joint
Crack 34 72 3 3 112
Broken 2 5 6 3 16
pipe
Fracture 27 14 3 12 56
Row total 140 117 14 20 291
Accuracy (%) 72.0 64.3 37.5 21.4 57.4

time for computation. In conclusion, RBN or SVM in
Experiment II could obtain better classification results for
the pattern recognition of sewer pipe defects.

In order to verify the classification performance of the
diagnostic system, a discriminant analysis based on Bayes-
ian theory was done for the 291 sewer pipe images through
the feature vector [ENT, COR, CLU]. The analysis result
shown as Table 7 shows that the overall accuracy of
57.4% is extremely close to the overall accuracies obtained
by the SVM. The overall accuracy of 60.0% obtained by
the SVM with the Polynomial kernel is even better than
the discriminant analysis result.

3. Conclusions

Neural networks, BPN, RBN, and SVM, have been
applied to many classification problems, but only BPN ever
was applied to the detection and classification of pipe
defects. This paper is the first trial to apply RBN and
SVM to the diagnosis of sewer pipe defects. As input ele-
ments to BPN, RBN, and SVM, the textural feature vec-
tors consisting of the average ENT, COR, and CLU
extracted by 2D-DWT and co-occurrence matrices were
adopted to represent the texture information of sewer pipe
defects on the CCTV images. The larger the size of co-
occurrence matrix is, the more computation time takes.
In this paper, 291 frames of CCTYV inspection images of
sewer system G in the 9th district of Taichung City were
used to implement the automated classification of sewage
structural conditions. On Pentium IV 1.3G PC, the testing
result shows that about 60 s are required for a defect pat-
tern to obtain co-occurrence features.

Two experiments were designed to verify the diagnostic
system due to the great difference of the acquired images
numbers between different pipe defect patterns. The testing
results reveal that Experiment II, in which the training
sample number of each pipe defect pattern was decided
based on its group size, is more suitable for the diagnostic
system. Based on these experiments, an automated diagno-
sis of sewer pipe defects should be firstly implemented an
expertise-based human diagnosis to a portion of all the

CCTV images (about 1/7 of all images or 40 images sug-
gested in this paper) for the neural network training. Sub-
sequently, the diagnose system can be applied to the rest of
CCTYV images. In addition, it is found that the performance
of the diagnostic system using either SVM or RBN is better
than BPN. Especially for SVM, however, the best parame-
ters within the kernel functions are usually determined
based on heuristics at present. Some literatures suggested
that a structured method of selecting the best learning
parameters in SVM should be developed for the best clas-
sification performance (Seo, 2007).

To compare the best accuracy (60%) resulted form
SVM, a Bayesian classifier based on discriminant analysis
was also used to diagnose the 291 pipe defect images and
obtained an accuracy of 57.4% that proves the utility of
the diagnostic system. Some textures of inspection attri-
butes manually recorded on the original CCTV images
(see Fig. 4) become harmful noises so to derive the
extracted textural features of pipe defects with a linear
non-separable relationship for the automated diagnosis
and to increase the difficulty of classification. If the textural
features of pipe defects are extracted from pure CCTV
images without inspection records attached, the diagnosis
accuracy should be increased. However, the accuracy of
the automated diagnosis for sewer pipe defects remains to
be improved for practical application in the future work.
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Automated Pipe Defect Detection and
- Categorization Using Camera/Laser-Based
Profiler and Artificial Neural Network

O. Duran, K. Althoefer, and L. D. Seneviratne

Abstract—Closed-circuit television (CCTV) is currently used in many in-
spection applications, such as the inspection of nonaccessible pipe surfaces.
This human-oriented approach based on offline analysis of the raw images
is highly subjective and prone to error because of the exorbitant amount of
data to be assessed. Laser profilers have been recently proposed to project
well-defined light patterns, improving the illumination of standard CCTV
systems as well as enhancing the capability of automating the assessment
process. This research shows that positional (geometrical) as well as inten-
sity information, related to potential defects, can be extracted from the ac-
quired laser projections. While most researchers focus on the analysis of
positional information obtained from the acquired profiler signals, here the
intensity information contained within the reflected light is also exploited
for the purpose of defect classification and visualization. This paper de-
scribes novel strategies created for the automation of defect classification
in tubular structures and explores new methods to fuse intensity and posi-
tional information, achieving improved multivariable defect classification.
The acquired camera/laser images are processed in order to extract signal
information for the purpose of visualization and map creation for further
assessment. Then, a two-stage approach based on image processing and ar-
tificial neural networks is used to classify the images. First, a binary classi-
fier identifies defective pipe sections, and then in a second stage, the defects
are classified into different types, such as holes, cracks, and protruding ob-
stacles. Experimental results are provided.

Note to Practitioners—The method presented in this paper aims to auto-
mate the inspection of nonaccessible pipe surfaces. The method was thought
to be employed in the inspection of sewers; however, it could be used in
many other industrial applications and could also be extended to other
shapes rather than tubular structures. A laser ring profiler, consisting, for
instance, of a laser diode and a ring projector, can be easily integrated into
existing closed-circuit television systems. The proposed algorithm identi-
fies defective areas and categorizes the types of defects, analyzing the suc-
cessive recorded camera images that will contain the reflected ring of light.
The algorithm, that can be used online, makes use of the deformation of the
reflected laser ring together with its changes in intensity. The fact of com-
bining the two kinds of data using artificial-intelligent algorithms makes
the method robust enough to work in harsh environments.

Index Terms—Artificial neural network (ANN), backpropagation
learning, camera/laser profiler, classification, fusion, iinage processing,
pipe inspection.

1. INTRODUCTION

This paper presents a neural-network-based classification method,
which allows the automated detection and classification of defects in
pipe walls. The approach consists of two stages where, at first, defects
are detected and then categorized according to their severity and type
(such hole, elongated crack, defective joint, and protruding root). Ex-
tending the idea of fusing different sets of information acquired by a
laser/camera-based inspection profiler [11], this paper develops the in-
dependent methods (intensity and positional data) into an integrated
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TABLE II
ANN ARCHITECTURE FOR MULTIVARIABLE CLASSIFICATION

TABLE IIT
EXPERIMENTAL RESULTS OF THE ANNS. THE NUMBER OF
DEFECTIVE (D) AND NONDEFECTIVE (ND) SAMPLES IS

Network Training] No.of | No. of | No. of | Error after | Error after SHOWN IN BRACKETS IN THE “TEST SETS” COLUMN
set inputs | hidden | outputs |1000 epochs 4000 epochs . . . .
nodes (I = intensity network, P = Positional network, F = Fusion network)
Experiments No. of Success rate {%] with 0.5 threshold
Intensity data (waining | 122 3 50 1 703 3e3 tests Defective Non-defective
data set without obstacles) sets
Intensity data (training 140 4 50 1 2e-1 le-1 Total I | P | F I l P | 3
data set with obstacles) (D/ND)
Signal fusion data 140 5 40 1 2e-2 3e-3 Noise tolerance (Salt and Pepper)
(without severity rating) Noise density < 1% 100 | 100 | 100 | 100 | 100 | 100
o e ) oS 50 2 3e2 le2 10%>Noise den- 100 [60 | 100 | 100 | 100 | 100 | 100
S sity>1% 5/15)
Noise density > 10% 12 100 | 76 84 100 | 88
Noise tolerance (Speckle Noise)
C. Multivariable Defect Classification SNR >1 100 | 100 | 100 | 100 | 100 | 100 | 100
SNR < 1 (25/75) 192 | 100 [ 100 | 100 | 100 [ 100
For defect classification, the features described in Section III were
extracted from the surface maps. The training samples that are used
TABLE IV

consist of acquired data of defects with dimensions in the range of
centimeters down to millimeters and varying shapes such as rectangle,
hole, longitudinal, and radial cracks. Extrapolated artificial data to in-
clude a larger set of different defects (with varying dimensions and
shapes) were also produced and used during training. These features
are then fed into a classifier to distinguish between types of defects,
namely radial cracks, longitudinal cracks, holes, and defective joints
and obstacles [2]. The selection of network architecture and training
parameters was conducted again by a trial-and-error procedure. The
training algorithm selected was the same as that used in the binary clas-
sification stage.

Three networks were trained. The first one included information
from the intensity map only (no depth information). This network was
trained with two different data sets (see Table II). First, the network
was trained with a training set that did not include obstacles. Then,
it was also trained with a data set that included obstacles (ANN1). A
second network (ANN2) had, in addition, the depth of the defect ex-
tracted from the positional surface map as an input. The classifiers had
one output that could range from —2 to 2 (—2: joint, — 1: radial crack;
0: hole; — 1: longitudinal crack; 2: obstacle). A third network (ANN3)
was trained with a second output giving a severity rating of the defect.
Table II summarizes the architectures of the resulting networks.

V. EXPERIMENTAL RESULTS

To test the performance of the presented system, it was subjected
to a wide range of tests using data from different types of pipes and
under different conditions. A model for the intensity pipe inspection
was developed. It was observed that surface-related factors, such as
roughness, had an important influence on the reflectance response {1].
Moreover, it was shown that a larger pipe diameter usually leads to a
longer distance between the sensor and surface under inspection and,
consequently, a change in the intensity received by the camera. In the
case of positional data, it was noted that the main factor that limited the
detection was the size of the defect, since only large defects were de-
tected. Consequently, experiments were devised based on the observa-
tions underpinned by the results using the sensor model in simulations
[1]. Thus, experiments using pipes with a different diameter, material,
wall texture, and color were conducted in order to test the behavior of
the intensity ANN to different unseen data (Table IV). For each exper-
imental case, defects of different sizes and shapes are evaluated. Holes
and cracks of different sizes, from 10 cm down to 2 mm, were inserted
in the walls of the pipe segments to simulate defects. The loose con-
nection of two pipes simulates a defective joint. Data were acquired
not only under laboratory conditions, but also onsite at the facilities
of what was formally called Water Research Centre (WRc¢), Swindon,

EXPERIMENTAL RESULTS OF THE INTENSITY ANN. THE NUMBER OF
DEFECTIVE (D) AND NONDEFECTIVE (ND) SAMPLES IS
SHOWN IN BRACKETS IN THE “TEST SETS” COLUMN

No. of Success rate [%]*
test sets
Experiments Total Defective Non-
: (D/IND) defective
Test environment 1: Unseen data
with characteristics similar to 100 100 100
training data has been used for (12/88)
generalization during training.
Test environment 2: Pipes with
rough surfaces, diameters of 260 50 84 100
and 330 mm; defects: small holes (6/44 )

Landjoints. .1 L.
As above, with 0.85 threshold. 100 100
Test environment 3: Clay pipe, 25
with internal diameter of 350 mm; (5720) 80 100

| defects: small holes and joints, __ | _ _ | |
As above, with defects in the cm 25 100 100
range and larger. (5/20)

Test environment 4: PVC pipes, 42
with internal diameter of 330 mm; | ( 10/32) 80 100

| defects: small holes, joints. | |l
As above, with larger defects in 40
the centimeter range and with | (8/32) 88 100
different shapes.

*The threshold is 0.5, unless otherwise noted.

U.K., where a large number of used pipes with defects and under con-
ditions as expected in a real sewer network were available.

First, the binary classifiers are tested. Features from sections found
as defective by the binary classifier are then fed into the data-fusion
multivariable classifier for defect classification and rating.

A. Binary Classification

Tables III and IV show an overview of the binary classification ex-
periments and results obtained. First, to test the general concept of the
proposed approach, noise tolerance tests were conducted. The noise tol-
erance of the data-processing algorithms and the subsequent ANNs are
tested by deliberately corrupting the images with noise. This tests the
ability of the trained network to cope with unseen data. The intensity
network has in addition been subjected to pipes with different surfaces
in order to see the performance of the system under harsh conditions.

1) Noise Tolerance: 1t is noted that the positional-based network is
more noise-tolerant than the intensity-based network (Table III). This is
due o the fact that image preprocessing stages prior to the ellipse fitting
are very effective in attenuating the noise. The ring is located correctly
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Future work aims to investigate the benefits of the selection of ad-
ditional features to achieve more robust defect discrimination. For in-
stance, the use of the intensity data could help the classification process,
since it was observed that large defects cause a decrease in intensity,
while small ones cause an increase.
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ESTABLISHING A CCTV INSPECTION, ASSESSMENT AND
IMPROVEMENT PROGRAM FOR A LARGE DIAMETER COLLECTION
SYSTEM

y
Parivash Dezham”, Julio Im*®, and Dean Gipson®

(UManager, Pretreatment & Source Control, Inland Empire Utilities Agency, Chino, CA
@Senior Associate Engineer, Inland Empire Utilities Agency, Chino, CA
®Senior Project Manager, PBS&J, San Diego, CA

BACKGROUND

The Inland Empire Utilities Agency (IEUA), formed in 1950, serves a 242
square mile area located in the southwest corner of San Bernardino County,
approximately 35 miles east of Los Angeles. IEUA provides regional wastewater
service and imported water deliveries to several contracting agencies. IEUA’s Non-
Reclaimable Wastewater System (NRWS) is a large diameter pipeline and force main
system, about 55 miles long, conveying non-reclaimable wastewater or “brine.” Over
the years, records for this system became outdated and the condition of the pipelines
and manholes were unknown.

In the summer of 2005, IEUA contracted with PBS&J, an engineering
consulting firm, to locate, inspect and assess the NRWS, including approximately 5
miles of force main, and 613 manholes. PBS&J teamed with Houston & Harris, PCS,
Inc. (H&H) to inspect the sewers. Cecilia’s Safety Services prepared the temporary
traffic control plans, acquired the traffic permits, and performed the traffic control set
up and take down for the inspection efforts. California Surveying Corporation
located the inspected manholes using global positioning system (GPS) equipment to
locate the manholes to the nearest 0.1 of a foot.

The NRWS Capital Improvements Program Plan provided IEUA with
recommendations for capital improvements, cleaning recommendations and on-going
system maintenance efforts for the NRWS. The inspection and assessment work
occurred between September 2005 and January 2006. The fast-paced schedule
required the completion of the final report by March 1, 2006.

DETAILS OF THE NON RECLAIMABLE WASTEWATER SYSTEM
The NRWS collects industrial flows from businesses located within the IEUA

service area. The flows discharged into the system may contain hazardous
constituents and often is high in suspended solids. These materials, while not always
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INSPECTION CRITERIA AND PROCEDURES

Closed circuit television cameras offer valuable insight to the internal
structural condition of buried infrastructure. Video inspection of sewer pipelines is
used to evaluate the existence and severity of cracks, misaligned joints, and potential
sources of infiltration. Analysis of this data determines where rehabilitation is
required and which method of repair is most appropriate and cost effective.

Uniformity and consistency of the observation comments is paramount in
providing useful assessment results. Using standardized inspection observation codes,
different CCTV camera operators can provide consistent comments about the
condition of the pipe and assign uniform values to each observation based on severity.

The IEUA established its own observation and defect codes based on the
Water Resource Centre (WRc) codes. Before beginning the inspections, the operators
reviewed the codes to become familiar with them, and clarified uncertainties with
IEUA staff before beginning the inspections. These codes are compatible with the
National Association of Sewer Service Companies (NASSCO) standards for pipeline
assessment.

INSPECTING THE NRWS PIPELINES

Inspection and assessment of sanitary sewer pipelines and manholes is an
important part of maintaining and operating a sewer system. Inspection and
assessment is used to evaluate the existing system conditions and potential defects,
which may contribute to potential overflows. Such conditions include root intrusion
at misaligned joints or cracks and inflow and infiltration entering into the system
through cracks in pipes, manholes or via illegal storm drain connections. The results
of a sewer assessment are then used to determine the funding required to repair,
rehabilitate and replace an aging collection system and to prioritize how the funds
should be allocated.

Our team began with outdated as-builts, incomplete electronic records for the
manholes and pipelines, and a reliance on the institutional knowledge of the
operations staff. Plus, IEUA, for the first time, specified digital video and database
submissions for the inspection and assessment work, which created new electronic
data management and storage challenges for IEUA. IEUA developed an asset
numbering scheme to facilitate incorporating the collected sewer system data into
IEUA’s GIS system. IEUA required that the manholes be located by coordinates and
the data provided for GIS mapping.

A challenging task involved the force main inspection. Locating the access
points to the force mains required as-built record reviews, field reconnaissance, pot
holing, and some excavation to locate the cleanouts. Additionally, concerns about the
by-pass pumping process and wet well detention time were addressed.

3
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H&H inserted closed circuit television (CCTV) cameras into the sewer
pipelines, and, by remotely controlling the cameras, recorded the condition of the
interior of the pipelines. Ultimately four (4) inspection vehicles were on the job site
to maintain the aggressive schedule. PBS&J and H&H also inspected the associated
manholes. PBS&IJ recorded the physical condition of the structures, while H&H
captured digital images of the manholes.

PIPELINE RENEWAL AND REHABILITATION OPTIONS

Replacement of existing systems can be very disruptive to a community. In
many cases, the problem sewer may have isolated or point defects that can easily be
repaired. It is becoming more common to rehabilitate sewers instead of constructing
new replacement or relief sewers. Alternative construction techniques, such as lining,
can significantly reduce community impacts and provide a cost effective option to
replacement. Of course, there are cases where due to the age of the sewer and the
extent of defects, there may be no alternative but to replace the sewer line.

Certain rehabilitation methods can be performed quickly and with little impact
to the community at a fraction of the cost of replacing a facility, but the ability to
maintain rehabilitated facilities, along with the estimated benefits, must be
considered. The approach to selecting appropriate rehabilitation alternatives are
summarized below in Table 1. As a reminder, the selection of a method based on the
general rules below is not a substitute for the experience and knowledge of the staff
and engineers performing the assessment. The unique situation and condition of each
segment must be considered when finalizing recommendations. As such, not every
recommendation will rigidly adhere to the methods and rules below.

Table 1-S 1

t Alt ti

broken or

Roots, cracked pipe, | Point repair (if total pipeline length is >

misaligned or open joint, and/or grade
break at 1 or 2 locations along a pipe

300 feet); Replacement (if total pipeline
length is < 300 feet)

Roots only, more than 2 locations

Lining, Chemical Herbicide or Repetitive
Cleaning

Multiple cracks only — minor to
medium

Lining

Roots most joints
cracks, no offsets

with multiple

Lining

Roots at most joints with major
offsets, breaks, major cracks or major
grade breaks and all other conditions

Replacement

Copyright ASCE 2007

Severe defects requiring replacement
in difficult to access locations or areas
of high traffic congestion

Pipe bursting, bore and jack, directional
drilling or micro tunneling

4
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The following descriptions summarize a variety of rehabilitation and repair
methods considered for the NRWS.

Point Repairs

Where defects were noted from the video inspections at one to two locations
between manholes, point repairs were recommended. However, for short pipe
segments less than 300 feet with two defects, point repairs may affect the integrity of
the remaining pipe and full pipe replacement is usually recommended. Point repairs
are cost effective alternatives to full pipe replacement if the remaining portions of the
pipe are in good condition as noted from video inspections and replacement of the
entire pipe segment appears unwarranted.

Pipe Lining

Pipeline lining offers a trenchless method to rehabilitate deteriorating sewer
mains. Because no open trenching is required during the lining application, there is
minimal disruption to residents and business owners during construction. Lining of
sewer mains is recommended for pipes with rooting problems and/or cracks with no
major offset joints.

Where breaks, major offsets, or bends are noted in the video inspections,
lining is not recommended because the lining material cannot be applied properly
where these conditions occur. In choosing an appropriate repair method, there are
cases where it may be cost effective to consider combining point repairs with lining.

Several methods of lining can be used to rehabilitate a pipeline. Cured-in-
Place Pipe (CIPP) lining involves inverting a resin-impregnated fabric tube into a
clean, existing pipeline, then curing it in place with hot water or steam. Fold-and-
form lining requires pulling a fabric tube, saturated with a resin and folded into a U-
shape, into a clean, existing pipe, then expanding the tube to the shape of the pipe
with pressurized water before curing with heated water or steam. Both of these
methods require the flow to be plugged or diverted during the installation process.

Spiral wound pipe is another lining method that inserts a continuous strip of
reinforced plastic, usually 6 or 8 inches wide, into an existing pipe, which interlocks
to form a watertight seal. Spiral wound pipe can typically be installed in a live sewer
without plugging or diverted the flow.

All of these lining methods can provide a system with independent structural
integrity that does not rely on the host pipe for strength.

Pipe Bursting

Pipe bursting offers a solution to replacing defective pipe that has access at its
end points but not between, such as pipe that crosses a freeway or major intersection.
5
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Pipes that are good pipe bursting candidates generally have no bends or curves and
have adequate slope with very minor or no sags. Access pits are required at the ends
of the pipe segment being burst. If any service connections must be reinstated, access
pits are required at these locations as well. The size of the pipe can generally be
increased to the next standard pipe diameter above the existing diameter, and possibly
to the next standard pipe size depending on the existing soil conditions and adjacent
utilities. The material used for the replacement pipe includes high density poly-
ethylene (HDPE) pipe or joint-fused PVC pipe. This method may be more costly
than traditional dig and replace, but it is generally faster and less disruptive to the
environment and community, thereby resulting in intangible benefits.

Easement Access

Sewer mains located in some easements are a concern due to inadequate
access to maintain these areas and to replace with traditional dig and replace methods.
Sewer mains in easements with poor or no access for maintenance or emergency
repair work often result in higher repair costs due to using specialty access
equipment, hand labor, and mitigation of unplanned environmental impacts.
Conversely, sewer mains with appropriate access, such as access paths or in parking
lots, would not necessarily need relocation. Rather, coordination with the land owner
may be all that is required. Another option is using carrier pipes or casings in the
easements, so that sewer mains can be replaced outside the constrained easement
areas. Private pumping is also an option. In most cases, the topography of the area
will dictate the alignment of the new gravity sewer system. As such, relocating
easement sewers may not be cost effective.

Often the cost of relocating sewers is expensive because of the costs
associated with constructing new facilities, as well as abandoning the old facilities. If
the annual costs of maintaining an aging easement sewer, plus the benefits to the
community and environment, outweigh the capital expense to relocate, it may be
prudent to relocate easement sewers. However, if operations staff can adequately
access the sewer, and the facility is in good condition or easily improved, the sewer
does not need relocating. To properly evaluate the feasibility of realigning pipelines,
with poor or no access, into the public streets and out of private property, an agency
should conduct, on a case-by-case basis, re-direction studies to consider alternatives
and recommend accessibility improvements and costs.

Pipeline and Manhole Replacement

Replacements of pipe segments are recommended where multiple occurrences
of breaks, cracks, misaligned joints, grade breaks and roots are identified in the video
inspections. In addition, where pipe replacement is recommended, replacement of
both manholes at each end of the pipe is also recommended. For maintenance
purposes, pipelines with a diameter of 6 inches or less are recommended for
replacement with 8 inch diameter pipe. Actual replacement must be evaluated on a

6
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case by case basis after considering several factors such as pipe condition, slope,
cleansing velocity, capacity, and available maintenance equipment and methods.

ASSESSMENT CRITERIA AND PROCEDURES

Several factors set the priority of projects identified during the assessment
process, although the condition of the pipe is usually the primary factor. Other
factors can include a goal to reduce sanitary sewer overflows, reduce infiltration and
inflow in pipes located below the water table, or reduce maintenance efforts by
improving the pipe. Other considerations include coordinating surface and utility
improvements with the agency or municipality having jurisdiction over the property
through which the sewer facilities pass, and minimizing community disruption.

Each NRWS segment inspected was ranked using a scale of 1 through 5 to
indicate the severity of pipeline’s condition, with 5 being the worst condition. Table
2 shows the general condition ranking associated with each severity level as well as
the recommended response time to complete the recommended action.

Good Adequate Moderate 4 Poor Failing
Maintenance 5 + years 3 to 5 years 1 to 2 years Immediate

The severity assigned to each pipeline is based on the criteria for each
observation listed in Table 3. Using the observation and severity, staff then made a
preliminary recommendation for each pipeline segment. Table 4 summarizes the
typical preliminary recommendations for each observation and severity ranking. The
ranking prioritized each segment from best to worst and estimated the useful life
remaining for each. Every pipeline also received one of the following recommended
actions: ‘no action,” ‘clean/maintain,” ‘point repair,” ‘rehabilitate,” ‘replace,” or
‘evaluate/re-inspect.’

Many benefits stem from performing a systematic assessment of a sanitary
sewer system. Some of the benefits realized include:

e Providing a comprehensive overview of the system’s condition;

e Prioritizing the pipe from worst to best, thereby achieving the most benefit for
each dollar spent by working on the worst facilities first;
Estimating the projected costs to complete the identified work;

e Normalizing the pace of improvement work to avoid large fluctuations in the
capital improvements program from year to year;

¢ Reducing emergency responses as the system is improved; and

¢ Highlighting common defects so that the agency can address problems on a
global level (e.g. focusing on a specific material that may fail more frequently

7
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than others, or showing high grease concentrations in areas that may need a
grease control program).
Table 3 - Infrastructure Assessment Criteria
iﬁ
Very small Hair line Cracks <1/8”
None ng line crack(s) wide or Cracks >1/8”
crack(s) <50% of ID | >50% of ID wide
in length in length
Connecting Connecting Connecting Collapsed
cracks, cracks, .
None cracks, no displ . pipe,
displacement isplacement | displacement impassable
S% 2 >% ’”
1
Up to Y2 of to Thickness of Si)r‘;lfs lthé
Minimal the pipe thickness of | the pipeto 1 .
. . . thickness of
thickness the pipe Y4 times .
the pipe
None Gasket Bell exposed Dirt exposed | Dirt Eaxposed
exposed at top at invert
35%to 60% | 60% to 80% | 80% to 100%
. 10% to 35% | L. . .
Minimal Fi Fine/medium Medium Tap root(s)
ine roots .
roots roots visible
. 47 to V27 2102”7 .
1 ka4 ”
None <%” thick thick thick >2” thick
iy Sporadic |y 5q, opp | 10%1025% | 554, of I
Minimal deposits of ID and/or .
(no rocks) or impassable
(no rocks) rocks
Rough Exposed Exposed Missing
None
surface aggregate rebar concrete
. Light Moderate Impassable,
None Minimal . . heavy
tuberculation | tuberculation .
tuberculation
. Impassable,
None f/[(‘)‘;gg‘i‘é <10% ID >10% ID heavy
B thickness thickness mineral
infiltration) .
deposits
None Drippin seepin Constant Gushing
pping ping stream water
Minimal
None | PP | ysq e | 2%0T5% | 750, of ID
not of ID
perceptible)
2/5 or less % to
Minimal 2/5 to Y2 full Yato 3% full completely
full full
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Abstract

Overflow structures built in combined sewer systems are often the source of hydraulic failure during wet weather conditions.
Their modelling and particularly that of side weir overflows constitutes a very difficult task both regarding the quantitative and the
qualitative aspects. In this paper, a new approach based on the video monitoring concept of these structures is proposed. This study
aims at the adjustment of a measuring system able to take into account both spatial and temporal heterogeneity of discharges by
digital cameras. In order to achieve this task, a full-scale experiment was carried out. Two lighting systems have been used. The
acquired images from the experimental follow-up of the installation, over a period of about 15 months, are analysed. Image pro-
cessing tools are used to determine the shape of the surface profile on the side weir and to transform image data into numerical
data exploitable for modelling. The results were proved very satisfactory.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: Video monitoring; Free surface measurement; Side weir overflow; Image processing

1. Introduction

The hydraulic performance of overflow structures and
particularly of side weir overflows is quantitatively and
qualitatively difficult to model. These structures are
often the site of complex hydraulic phenomena, and
compared to frontal weirs their study is relatively recent.
The first difficulty is to represent the surface profile
along a side weir. The second is to determine the dis-
charge coefficient. This coefficient depends not only on
the head on the weir and the overflow structure geometry
but also on flow conditions and pipe slopes upstream
and downstream of the side weir.

The earliest studies of the hydraulic characteristics of
side-channel weirs were concerned primarily with the
analytical prediction of the effects of the weirs on the
longitudinal water surface profile in the channel for the
idealized case of a rectangular channel with a vertical
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weir plate and a constant discharge coefficient, and were
carried out by De Marchi [1], Frazer [2] and Henderson
[3]. Some other studies on evaluation of the discharge
over the side channel weirs are those of El Khashab et
al. [4], James et al. [5] and Hager [6]. The general nature
of flow over side weirs is then understood. However,
quantitative values for key coefficients are not well
known. In addition, most of the work reported on flow
over side weirs is for sharp-crested weirs, whereas most
prototype systems use broad crested weirs. Very little
information is available concerning the effect of the weir
crest thickness on the side weir hydraulics. The report by
Tynes [7] contains measurements for flow over a broad-
crested side weir; however, his analysis was limited, and
most of his results are specific to the particular con-
figuration tested. Moreover, Krajewski et al. [8] show
that the discharge coefficient is a major source of uncer-
tainty in estimating discharge, a fact reflecting both the
lack of standardization and the great diversity of over-
flow structures. Various experiments have been applied,
but no consensus is apparent in the literature about the
best method. Besides, most of the previous work has
considered only forward flows, and no detail was given
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2.2.1. Cameras

Color matrix cameras are used. The type of image
sensor is 1/3’ interline transfer Charge Coupled Device
(CCD) with a resolution of 752(H) by 582(V) pixels.
The first camera is installed facing the side weir over-
flow, the second facing the divergence. Each one is
placed inside a stainless steel tight box with a glass win-
dow and fixed with a metallic support allowing a 360°
swiveling of the case.

2.2.2. Recorder

The DVD-RAM used for data filling is capable of rec-
ording 28,000 high quality images. Once configured, it
allows automatic response to a detector or to alarm sig-
nals. In this manner, it will allow the recording of image
sequences taken from the cameras during discharges. In
this study, the choice is made of recording an image
every three seconds for each one of the digital cameras.

2.2.3. Overflow detector

When the water depth reaches the weir crest elevation,
the overflow detector will engage the recording by send-
ing an alarm to the recorder. The disappearance of the
signal will stop the recording.

2.2.4. Lighting

Qualitatively, the goal of this study is to ensure a vis-
val monitoring of the overflow structure during dis-
charges, aiming to acquire a thorough knowledge of con-
cerned hydraulic phenomena. That is why fluorescent
lamps have been initially chosen as a lighting system.

2.2.5. Power supply

In order to ensure a complete autonomy for the differ-
ent equipment installed on the experimental site, the
electrical energy is supplied by a power pack via a trans-
former (230 V/12 V).

3. Hydraulic behaviour of side weirs

As indicated above, flow over side weirs depends on
the head on the weir, among other factors. The head
depends on the water surface profile along the channel
where the diversion is taking place. One of the possible
longitudinal water surface profiles in a channel along a
side weir for forward flow is that for subcritical flow
(Fig. 3), which is adapted from El Khashab et al. |4].

---------- d — ===
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Fig. 3. Subcritical flow throughout.

The water surface elevation usually increases in the
downstream direction.

It is also possible to have a hydraulic jump in the
channel because of the outflow, as illustrated in Fig. 4.
The possible occurrence of the jump depends on the
hydraulics of the outflow and does not require supercriti-
cal flow in the channel upstream of the weir.

Since the calculation of water surface profiles for
subcritical flows depends on knowing a downstream
boundary condition (water depth), it is impossible to cor-
rectly calculate the depths and water surface profile in
the channel upstream of the weir without first consider-
ing the details of the flow over the weir and the type of
profile which exists at the weir.

In general, the side weir discharge per unit length of
the weir can be written as:

d 2
L - e (1)
where Q is the discharge, g is the gravitational acceler-
ation, and h is the water depth above the weir crest at
any point along the weir. Cy is the discharge coefficient
which may be constant or variable along the weir. This
coefficient can thus be defined as:

Cq= > e 2)
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where L is the length of the side weir.

In cases of subcritical and supercritical flows without
hydraulic jump, the discharge coefficient can be approxi-
mated by the following expression:

3 0
2 h, + h
\/Zghe.(%—g)L

where A, and h, are respectively the upstream and down-
stream water depth above the side weir. h, is the
upstream water depth above the side weir in supercritical
flow and the downstream water depth above the side
weir in subcritical flow.

Therefore, this study focuses on the use of the video
monitoring technique in order to better understand the
hydraulic behaviour of side weirs and to allow an accur-
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Fig. 4. Jump due to side discharge with subcritical flow upstream
and downstream.
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ate estimation of the discharge coefficient according to
real flow conditions near the side weir. This can be achi-
eved either, where the water depth above the weir crest
is known only at upstream and downstream of the side
weir, or at any point along the weir.

4. Material and methods

As shown previously, the main goal of this study is
to bring out from the acquired images the significant
characteristics of the hydraulic behaviour of the side
weir. This can be achieved by exploiting the image pro-
cessing tools. Usually, after a preliminary image prep-
aration (contrast adjustment and histogram equalization),
the image processing procedure includes three main
steps, as explained by Canning et al. [9], Cocquerez et
al. [10]} and Marcel et al. [11].

4.1. Image smoothing

This operation is applied in order to reduce noise and
to prepare the image for further processing such as seg-
mentation. The technique used is known as low-pass fil-
tering. A linear filtering has been chosen. In this case,
the pixel transformation is the result of a linear combi-
nation of the neighbour pixels. For a rectangular filter
(3 x 3), this method consists in considering each point
in the image and to make its intensity as being the aver-
age of the eight neighbour pixel intensities. The output
pixel intensity is given by:

1 1

I(xy) = ZZHIU + 1j+ DI(x + iy “4)

111
+ ) H=-H111
111

where x and y are respectively, the horizontal and verti-
cal position of the current pixel (central pixel), /; its input
intensity, I, its output intensity and H, is a rectangular
filter (3 x 3).

4.2. Image segmentation

This is an operation of edge finding using a differen-
tial method. This method comprises the convolution of
the smoothed image by a two-dimensional Laplacian fil-
ter. The output intensity of the current pixel is given by:

1 1

IL(xy) = ZZL(i + 15+ DI(x + iy (5)
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where L is a two-dimensional Laplacian filter (square
filter 3 x 3).

4.3. Image binarization

The next stage of the image processing is the binariz-
ation. This operation allows to reduce the needed mem-
ory for the data filing. With the binarization, the pixel
is coded 0 or 1 (black or white), instead of being coded
on 24 bits in color image.

5. Qualitative results

The experimental follow-up of the installation for
more than fifteen months highlights the reliability of the
equipments and their ability to receive important water
masses without any risk of deterioration. The images
illustrated in Fig. 5 which are extracted from the
recorded overflow (September 7, 2002) reveal the high
quality of the acquired results.

6. Quantitative results

Edge finding by a two-dimensional Laplacien filter,
whose results are exposed in Fig. 6, is very sensitive to
noise, and the fact of being preceded by a low-pass fil-
tering could not solve the problem. Indeed, many unde-
sirable marks appear in the binarization phase which are
probably due to the light reflection on the overflowing
sheet. For that reason, suitable algorithms were thus
developed in order to improve the quality of the final
results and to bring out the significant characteristics
from the acquired images.

6.1. Developed approach

This strategy consists first in the definition of the area
of interest. This step will enable us to draw side weir
overflow boundaries and to considerably reduce the
necessary time for the image processing.

The next step will be the edge finding which can be
defined as an abrupt variation of pixel intensities. The
method consists in taking place within the previously
defined area in the input image, and to consider a neigh-
bourhood of eight connections (a rectangular window
3 x 3 pixels). By scanning this area, the central pixel is
assumed as a pixel of contour when the difference of
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Abstract

Laser Radar (LADAR) enables a new generation of quantitative pipeline inspection
techniques. These techniques differ from traditional inspection techniques including Closed
Circuit Television (CCTV) and laser profiling systems by capturing 3-D range images that
encode the local three-dimensional (3D) structure of the inspected pipeline. Individual range
images thus obtained can be processed and integrated into a high-resolution geometric
model of the inspected pipeline. Once the integrated pipeline model is assembled, techniques
from 3-D computer vision and computational perception produce quantitative answers to
pipe location, integrity, and. performance questions. Three separate case studies that
employed LADAR in quantitative pipeline inspection operations are presented: estimation of
the effects of relining on pipe transport capacity within a culvert system, estimation of
corrosion in Pre Cast Concrete Pipes (PCCP) and geo-location of two parallel segments of
brick-lined sewer. In each case, an overview of the approach to data acquisition, processing,
and sample results are provided.

1. Introduction

A periodic program of sewer inspections iS necessary to determine pipe
condition and prioritize maintenance to preserve integrity of public utilities (EPA,
1999). Leaks, clogs or collapses can disrupt services and in the most severe cases
result in significant damage to the environment and economy of affected
communities. The most common forms of sewer inspections employ trained operators
armed with CCTV cameras in order to identify and grade pipe defects. However such
inspections rely on inspection vigilance and do not produce a quantitative description
of pipe condition. Furthermore, image-based inspection systems, such as CCTV,
cannot produce rigorous cross-sectional analysis, three-dimensional representation of
pipe features, or pipe location information.

In this paper, we present a unique combination of components for quantitative
pipeline inspection: a robust mobile platform, called Responder (Figure 1), a sensor
suite that includes a 3-D laser scanner, and 3-D data processing techniques derived
from computer vision and computational perception (Horn, 1986) (Russell, 1995).
The geometric integration and processing of 3-D point clouds rely on state-of-the-art
techniques (O’Neill, 1997) (Hartley, 2000). In addition, using Redzone analytics, 3-D
geometric models of pipes can be reconstructed and used to produce quantitative
answers to pipe location, integrity, and performance questions.
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complementary to standard inspection methods, such as CCTV, and offers a new suite
of precision diagnostic tools for pipe inspection and maintenance operations.

VII. REFERENCES

(EPA, 1999) Environmental Protection Agency, Collection Systems O & M Fact
Sheet, EPA 832-F-99-031, September 1999

(Chaudhry, 1993) Chaudhry, M. H. Open-Channel Flow. Prentice-Hall, Inc.,
1993.

(Lightman, 2006] Lightman, A. (2006). “Sewer Assessment in Fort Worth, Texas”.
Trenchless Technology, January.

(Rusinkiewicz , 2001) S. Rusinkiewicz and M. Levoy. Efficient Variants of the ICP
Algorithm. Third International Conference on 3D Digital Imaging and Modeling,
2001.

(Chung, 2001) H. Chung, L. Ojeda, and J. Borenstein, “Sensor fusion for Mobile
Robot Dead-reckoning with a Precisoion-calibration Fiber Optic Gyroscope” In IEEE
ICRA, pages 3588-393, Seoul, Korea, May 21-26, 2001.

(Horn, 1986) B. K. P. Hom, Robot Vision, MIT Press, Cambride, Massachusetts,
1986.

(Russell, 1995) S. Russel and P. Norvig, Artificial Intelligence: A Modern Approach,
Prentice Hall, New Jersey, 1995.

(O’Neill, 1997) B. O’Neill, Elementary Differential Geometry, Academic Press, San
Diego, CA, 1997.

(Hartley, 2000) R. Hartley and A. Zisserman, Multi-View Geometry in Computer
Vision, Cambridge University Press, Cambridge, UK, 2000.

Copyright ASCE 2007 - 353 - Pipelines 2007






International Journal on Artificial Intelligence Tools World Scientific
Vol. 16, No. 4 (2007) 611“6?5 www.worldscigntific.com
© World Scientific Publishing Company

NAVIGATION OF AN AUTONOMOUS SEWER INSPECTION
ROBOT BASED ON STEREO CAMERA IMAGES AND LASER
SCANNER DATA

ALIREZA AHRARY?'3, LI TIAN?, SEI-ICHIRO KAMATA? and MASUMI ISHIKAWAS3

LFAIS-Robotics Research Institute
2-1 Hibikino, Wakamatsu-ku, Kitakyushu 808-0196, Japan
2Graduate School of Information, Production and System, Waseda University
2-7 Hibikino, Wakamatsu-ku, Kitakyushu 808-0135, Japan
3Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology
2-4 Hibikino, Wakamatsu-ku, Kitakyushu 808-0196, Japan
ali@ksrp.or.jp, tianli@ruri.waseda.jp, kam@uwaseda.jp, ishikawa@brain.kyutech.ac.jp

Sewer environment is composed of cylindrical pipes, in which only a few landmarks such
as manholes, inlets and pipe joints are available for localization. This paper presents a
method for navigation of an autonomous sewer inspection robot in a sewer pipe system
based on detection of landmarks. In this method, location of an autonomous sewer
inspection robot in the sewer pipe system is estimated from stereo camera images. The
laser scanner data are also used to ensure accurate localization of the landmarks and
reduce the error in distance estimation by image processing. The method is implemented
and evaluated in a sewer pipe test field using a prototype robot, demonstrating its
effectiveness.

Keywords: Autonomous; sewer inspection; robot navigation; stereo matching; laser scan-
ner; sewer pipe system.

1. Introduction

Pipe walls in sewer systems are prone to be damaged due to aging, traffic and
chemical reactions, causing rainwater and groundwater seep into pipe systems. Re-
gional city government reports' state that this inflow amounts to approximately
30 percent of the total water flow. In addition to the inflow, outflow from damaged
systems also occurs, contaminating the surrounding environment.?*

Currently, inspection is carried out using a cable-tethered robot with an onboard
video camera system. An operator remotely controls the movement of the robot
and the video system. By this video-supported visual inspection, any noticeable
damages or abnormalities are recorded. The reliability of this system depends on
the experience of an operator. Therefore, the current manual inspection system is
tedious and erroneous.

To ameliorate this difficulty, an autonomous and real-time sewer inspection
robot is desired for identifying and extracting faulty areas. One of the central issues
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in developing an autonomous sewer robot is its navigation. Detecting landmarks
such as manholes, inlets and joints in a sewer pipe system is an important task
in navigation. In this paper, we propose a method for detecting landmarks and
estimating the location of a mobile robot based on stereo camera images and laser
scanner data.

Various methods have been proposed for the detection of landmarks. Hertzberg
and Kirchner conducted experiments on navigation of a sewer robot in a dry sewer
test field at GMD, Sankt Augustin.® They succeeded in detecting local features
by ultrasonic sensors. The detected landmarks were then scanned by a different,
pivoted ultrasonic transducer. Finally, local features obtained by the scanner are
classified using a specially trained artificial neural network. Although this method
has a high rate of classification (75 out of 81 samples), it lacks the capability of
locating an individual manhole.

Schonherr et al.® proposed a pivoted ultrasonic transducer that permanently
scans the walls of the upper half section of pipes for detecting inlet. This procedure is
time consuming. Paletta et al. proposed a method for detecting inlets from grayscale
images taken by an onboard CCD camera.” Although it involves a time consuming
training phase, the detection of inlets by trained neural networks is fast.

In a real sewer pipe system, a robot is required to explore unknown sewer area
during the training phase. This property of time consuming training is undesirable
from a practical point of view. To automatically detect damages in sewer pipes,
Campbell et al.® and Clarke® proposed pipe profiling methods for 3D reconstruction.
Using sensor devices mounted on a teleoperated sewer robot, data evaluation is
performed in a stationary surveillance vehicle.

Our method uses stereo camera images and laser scanner data for detecting
landmarks. A sewer inspection robot is capable of self localization, which is impos-
sible by the above methods. In our method, the stereo images are captured by a
stereo camera at the front of a robot. A fast and accurate stereo matching measure
named a linear computation (here after referred to as LC) computes the distance
between a sewer inspection robot and a landmark based on the stereo images. We
refine the distance by a threshold elimination function. If the distance is less than
10 em, we check laser scanner data to detect the exact location of the landmark.
Finally, information on the locations of a robot and landmarks are used for robot
navigation.

The paper is organized as follows. Section 2 gives overview of our sewer pipe
system. Then we present our method in detail in Section 3. Section 4 shows exper-
imental results by our method. Section 5 provides conclusions.

2. Sewer Pipe System

Sewers mainly consist of smooth, uniform cylindrical or elliptical pipes. Figure 1
illustrates the sewer pipe construction with the manhole over each pipe-bend, the
inlets from houses, and the joints conecting two pipes.
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of up to 15 cm/s. Also moving the KANTARO in our sewer test field by using the
proposed method was done successfully.
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Recent advances in electronics, transducers, ultrasonic and computing technologies, have led to
the development of inspection systems for underground facilities such as water lines, sewer pipes, oil
and gas pipelines. Recent inspection technologies have been developed that require no human entry
into underground structures; they are now fully automated, from data acquisition to data analysis,
and eventually to condition assessment, which can be used during the manufacturing as well as
maintenance stage. This paper describes the development of an automated data interpretation system for
pipeline, which can be used during the manufacturing stage to maintain the highest standard of
quality control and it can also be extended to the maintenance stage. The proposed system is highly
desirable and useful where a large number of similar samples are to be investigated which can be
applied to investigate various defects in metals as well as composites. The interpretation system
obtains Ultrasonic C-scan data obtained through an ultrasonic water immersion or air scan system.
The proposed system utilizes Artificial Neural Networks (ANN), and Genetic Algorithm to recognize
various types of defects in a given specimen. Image processing and Wavelets techniques are used to
determine the details of the damage geometry. An Expert System for composite repair mechanism is also
being developed using the adaptive neuro-fuzzy inference system (ANFIS), to perform damage
condition assessment as well as material degradation evaluation. MATLAB is used in developing a real
time automated prototype system.

Keywords: Neural network; Condition assessment; Inspection; Imaging; Matlab

1. Introduction

Many technologies have evolved over the past few years that have the
potential for inspecting, monitoring and evaluating infrastructure problems. However,
the effective application of these technologies has been slow. This problem can be addressed
in two steps.

1. The accuracies and precisions of these infrastructure inspection technologies
must be analysed in order to quantify the variances of various technologies
(Maser 1988, Huston 1991).
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2. Effective and speedy interpretation of the data provided by these technologies must be
improved (Feng et al. 1995). A deeper understanding of the precision and relevance of
the data is a necessary input to the maintenance and rehabilitation strategy process, in
order to incorporate the risk element into these decisions.

Although good inspection technologies exist, the reliability of most condition assessments
is low due to the subjective interpretation of images. There are some challenges in
automating the interpretation of multisensory data. One noteworthy reason is that the task to
be performed by the interpretation system is complex because there are many types of defects
(e.g. delaminations, cracks, debonding, corrosion and so on). In addition, some of these
defects may overlap.

Advances in computer technology have accelerated the development of automated
inspection of the sanitary sewer pipelines. Feature recognition basically uses techniques
ranging from statistical methods, or the knowledge-based (or rule-based) artificial
intelligence (AI) system, to artificial neural networks (ANNs). Combining two
methods/technologies is becoming common. For example, the Pipe Inspection Real-time
Assessment Technique (PIRAT) system developed (Campbell er al. 1995) by the
Commonwealth Scientific and Industrial Research Organization in Australia for commercial
purposes uses a combination of the rule-based system and neural networks (Sharpe et al.
1995). The procedure involves (1) image preprocessing and segmentation utilizing the data
obtained by PIRAT; (2) image classification using the feedforward neural network; and (3)
interpretation using Al tools.

In Japan, the Sewer Scanner and Evaluation Technology (SSET) was developed jointly by
TOA Grout, CORE Corporation and TGS Company. Higher-quality data regarding sewer
conditions can be obtained by utilizing SSET’s combination of CCTV technology, an optical
scanner and gyroscopic technology. The SSET provides a CCTV video record, a full-
circumference scanned image and a computer-generated colour-coded printout of the
defects, a written description of each defect along the pipe (based on inspector reports), and
horizontal and vertical pipe deflections (Abraham et al. 1997, Iseley et al. 1997).

Sinha et al. (1999) utilized a Statistical approach for the fusion of the results from
two crack detectors for feature recognition. The two detectors utilize different approaches
for crack detection, so the detection results are independent of each other. One detector
may recognize a certain crack while the other may not. The use of two detectors may lead
to better results if the method of fusion is appropriate for the specific problem, such as
crack detection.

This paper describes the development of an improved fully automated methodology,
developed using MATLAB language for accurately analysing and interpreting data regarding
the condition of pipelines, which is highly desirable and useful where a large number of
similar samples are to be investigated and can be applied to investigate various defects in
metals as well as composites. The methodology involves the use of advanced data acquisition
tools and a framework based on image processing and ANN. The advanced data acquisition
tools provide high-quality digitized information to the automated assessment system through
image preprocessing. The proposed system analyses and assesses defects using image pattern
recognition techniques and suggests a repair mechanism for composites based on neuro-
fuzzy expert system.
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2. Methodology outline

Nondestructive evaluation (NDE) techniques to detect cracks, delamination, debonding and
defects hidden in solids are very important to assure the structural integrity of operating
plants and structures, and to evaluate their residual lifetime. Among various NDE techniques,
the Ultrasonic technique has been most widely applied to various engineering problems.
Improvement of accuracy of the ultrasonic method has been one of the critical issues in the
NDE field. Selection of proper transducers, water scan or air scan, pulse echo or through
transmission, longitudinal waves or shear waves or plate waves, spike pulse or tone burst
signal and reference standards, are all key parameters in ultrasonic method of damage
detection. Ultrasonic methods have a unique potential of detecting surface as well as internal
damage states, while many others like replication, magnetic measurements, and eddy
currents merely inspect the surface or near-surface region of materials and radiography
detects only internal damage states.

Appropriate Image Pre-processing is a very important step to make images suitable for
various purposes. For example, an image can be pre-processed to make it distinguishable to
the human eye and/or more appropriate for computing purposes. The processing does not
create new information from the original information. It sharpens the image feature, adjusts
contrast, and so forth. In practical situations, noisy input data are inevitable. Therefore, the
robustness of NDE methods against noisy input data is one of the key issues in developing
practical NDE systems. Wavelet technique plays a very important role in de-noising and
compression of images.

In addition, a highly qualified expert is frequently required to analyse the data and to
identify and locate damage. Recently, Multilayer Neural Networks derived through modeling
of the human brain have drawn much attention because of the following attractive features
for problem solving:

1. Capability of constructing an arbitrary nonlinear mapping from multiple input data to
multiple output data within the network, through learning sample input versus output
relations (Ham and Kostanic 2001).

2. Capability of estimating appropriate output data even for unlearned input—output
relations. This feature is called “generalization.” Regularization and early stopping are
two methods for improving generalization (Kulkarni 2001).

3. Speed of the trained network in an application process. Computational resources
required for operating the trained network may restricted to a personal computer.

Normally, the learning speed of Neural Networks is slow. A human expert usually does the
configuring of a Neural Network. Genetic Algorithm is another learning method of Neural
Networks (Poli and Langdon 2002). Genetic Algorithm can be used for automatic
configuration of Neural Networks, as well as for weight optimization.

Image Post processing is needed to measure image features once a defect is recognized by
ANN. One of the most useful methods for extracting a feature of interest from an image is to
perform the binary transformation of a gray-level image through thresholding. Using an edge
enhancement algorithm, an original image is modified into a new image that has amplified
edges. Thus, edge detection has the effect of making edges easier for the viewer to see.
Morphological segmentation, contours, profile, 3D view, the quadtree decomposition, fourier
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4. Tools used for development of system

The multi axes ultrasonic testing systems used to obtain our C-scan images are MATEC
water coupled system and QMI-SONDA airscan system. A GUI based, integrated software
package is currently being developed using the MATLAB language to automatically to
accommodate the steps described in above.

5. Step 1—ultrasonic image acquisition

Ultrasonic nondestructive testing (UT) uses high frequency sound energy to conduct
examination of the material. Ultrasonic inspection can be used for flaw detection/evaluation,
dimensional measurements and material characterization, to name a few. During the last
decade air coupled ultrasonic has advanced from being a laboratory curiosity of little
practical application, to a point where it is a viable technique for many manufacturing
inspections (Grandia and Fortunko 1995). With appropriate equipment it is possible to
perform sensitive inspections for defects such as voids, cracks and delaminations in a wide
variety of water-incompatible materials.

A typical UT inspection system consists of several functional units, such as the
pulser/receiver, transducer and display devices. A pulser/receiver is an electronic device that
can produce high voltage electrical pulse. Driven by the pulser, the transducer generates high
frequency ultrasonic energy. The sound energy is introduced and propagates through the
materials in the form of waves. When there is a discontinuity (such as a crack) in the wave
path, part of the energy will be refiected back from the flaw surface. The reflected wave
signal is transformed into electrical signal by the transducer and is displayed on a screen.
Signal travel time can be directly related to the distance that the signal would travel. From the
signal, information about the reflector location, size, orientation and other features can
sometimes be gained (NDT Resource Center).

Ultrasonic data can be collected and displayed in a number of different formats. The three
most common formats are known in the NDT world as A-scan, B-scan and C-scan
presentations. Each presentation mode provides a different way of looking at and evaluating
the region of material being inspected. Modern computerized ultrasonic scanning systems
(figure 2) can display data in all three presentation forms simultaneously.

6. C-scan presentation

The C-scan presentation (figure 3) provides a plan-type view of the location and size of test
specimen features. The plane of the image is parallel to the scan pattern of the transducer.
C-scan presentations are produced with an automated data acquisition system, such as a
computer-controlled immersion scanning system. Typically, a data collection gate is
established on the A-scan and the amplitude or the time-of-flight of the signal is recorded at
regular intervals as the transducer is scanned over the test piece. The relative signal
amplitude or the time-of-flight is displayed as a shade of grey or a colour for each of the
positions where data was recorded. The C-scan presentations (figure 4(a),(b)) provides an
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the DWT of y. To restore the translation invariance, which is a desirable property lost by the
classical DWT, one could average some slightly different DWT (also called e-decimated
DWT), to define the SWT. The principle is to average several de-noised signals. Each of
them is obtained using the usual de-noising scheme, but applied to the coefficients of a &-
decimated DWT. The de-noising methods based on the wavelet decomposition was initiated
by Donoho (1995) in the USA, and Hardle et al. (1998) in France. Meyer (1993) considers
that this topic is one of the most significant applications of wavelets.

8. RGB images

An RGB image, sometimes referred to as a true-colour image, is stored in MATL.AB as an
m X n X 3 data array that defines red, green and blue colour components for each individual
pixel. RGB images do not use a palette. The colour of each pixel is determined by the
combination of the red, green and blue intensities stored in each colour plane at the pixel’s
location. Graphics file formats store RGB images as 24-bit images, where the red, green and
blue components are 8 bits each. This yields a potential of 16 million colours. The precision
with which a real-life image can be replicated has led to the commonly used term true-colour
image. An RGB array can be of class double, uint8, or uint16. In an RGB array of class
double, each colour component is a value between 0 and 1. A pixel whose color components
are (0,0,0) is displayed as black, and a pixel whose colour components are (1,1,1) is
displayed as white. The three-colour components for each pixel are stored along the third
dimension of the data array. For example, the red, green and blue colour components of the
pixel (10,5) are stored in RGB (10,5,1), RGB (10,5,2) and RGB (10,5,3), respectively. Figure
7(a) depicts an RGB image of class double.

9. Intensity images

An intensity image is a data matrix whose values represent intensities within some range.
MATLARB stores an intensity image as a single matrix, with each element of the matrix
corresponding to one image pixel. The matrix can be of class double, uint8, or uint16.
While intensity images are rarely saved with a colourmap, MATLAB uses a colourmap to
display them. The elements in the intensity matrix represent various intensities, or gray
levels, where the intensity 0 usually represents black and the intensity 1, 255, or 65,535
usually represents full intensity, or white. Figure 7(b) depicts an intensity image of class
double. For certain operations like image recognization, it is helpful to convert an RGB
image to intensity image type, which will reduce the size of the matrix and hence
computation time, considerably.

10. Step 3-—neural networks damage detection
Neural networks are composed of simple elements operating in parallel. These elements are

inspired by biological nervous. systems. As in nature, the network function is determined
largely by the connections between elements. We can train a neural network to perform a
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Figure 8. Neural network conceptual model.

direct design methods. Unsupervised networks can be used, for instance, to identify groups of
data (Hagan et al. 2003).

11. Probabilistic neural networks

Probabilistic neural networks (PNIN) can be used for classification problems. When an input
is presented, the first layer computes distances from the input vector to the training input
vectors, and produces a vector whose elements indicate how close the input is to a training
input. The second-layer sums these contributions for each class of inputs to produce as its net
output, a vector of probabilities. Finally, a compete transfer function on the output of the
second-layer picks the maximum of these probabilities, and produces a 1 for that class and a
0 for the other classes. The architecture for this system is shown in figure 9. The algorithm is
explained below based on MATLAB language library.

It is assumed that there are Q input vector/target vector pairs. Each target vector has K
elements. One of these elements is 1 and the rest are 0. Thus, each input vector is associated
with one of the K classes.The first-layer input weights, IW"! (net.IW{1,1}) are set to the
transpose of the matrix formed from the Q training pairs, P'. When an input is presented the
||dist]l box produces a vector whose elements indicate how close the input is to the vectors of
the training set. These elements are multiplied, element by element, by the bias and sent the
radbas transfer function. An input vector close to a training vector is represented by a number
close to 1 in the output vector a !. If an input is close to several training vectors of a single
class, it is represented by several elements of a ! that are close to 1.

The second-layer weights, LW'? (net. LW {2,1}), are set to the matrix T of target vectors.
Each vector has a 1 only in the row associated with that particular class of input, and 0’s
elsewhere. (A function ind2vec is used to create the proper vectors.) The multiplication Ta'
sums the elements of a' due to each of the K input classes. Finally, the second-layer
transfer function, compete, produces a 1 corresponding to the largest element of n2, and 0’s
elsewhere. Thus, the network has classified the input vector into a specific one of K classes
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Figure 9. Probabilistic neural networks—network architecture.

because that class had the maximum probability of being correct. Typical transfer function
graphs are shown in figure 10.

PNN can be used for our classification problem where we want to classify the sample as
good or defective based on the pixel values of the C-scan image. Their design is
straightforward and does not depend on training. A PNN is guaranteed to converge to a
Bayesian classifier providing it is given enough training data. These networks generalize
well. The PNN have many advantages, but suffer from one major disadvantage. They are
slower to operate because they use more computational effort than other kinds of networks to
do their function approximation or classification (Osyczka 2001).

12. Improving generalization

One of the problems that occurs during neural network training is called overfitting. The error
on the training set is driven to a very small value, but when new data is presented to the
network, the error becomes large. In this case, the network has memorized the training
examples, but it has not learned to generalize to new situations.
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Figure 10. Transfer function graphs.
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Figure 11(a) shows the response of a 1-20-1 neural network that has been trained to
approximate a noisy function. The underlying function is shown by the dotted line, the noisy
measurements are given by the “ + ” symbols, and the neural network response is given by
the solid line. Clearly this network has overfit the data and will not generalize well.

One method for improving network generalization is to use a network that is just large
enough to provide an adequate fit. The larger a network you use, the more complex the
functions the network can create. If we use a small enough network, it will not have enough
power to overfit the data.

13. Regularization

The first method for improving generalization is called regularization. This involves
modifying the performance function, which is normally chosen to be the sum of squares of
the network errors on the training set.

13.1 Modified performance function

The typical performance function that is used for training feedforward neural networks is the
mean sum of squares of the network errors.

1< 1&
F= mse;z:(e,-)2 = ;Z(ti - a))?
=1 =

It is possible to improve generalization if we modify the performance function by adding a
term that consists of the mean of the sum of squares of the network weights and biases.

msereg = ymse + (1 — y)msw

where v is the performance ratio, and
n
_1 2
msw = — E w;
né= "/
J=1

Using this performance function will cause the network to have smaller weights and
biases, and this will force the network response to be smoother and less likely to overfit.
Figure 11(b) shows the response of the trained network. In contrast to the one in figure 11(a),
in which a 1-20-1 network overfit the data, here we see that the network response is
very close to the underlying function (dotted line), and, therefore, the network will generalize
well to new inputs.

14. Early stopping

Another method for improving generalization is called early stopping. In this technique the
available data is divided into three subsets. The first subset is the training set, which is used
for computing the gradient and updating the network weights and biases. The second subset
is the validation set. The error on the validation set is monitored during the training process.
The validation error will normally decrease during the initial phase of training, as does the
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This learning method works similarly to that of the neural networks explained earlier. Using
a given input/output data set, the function ANFIS constructs a FIS, whose membership
function parameters are tuned (adjusted) using either a backpropagation algorithm alone, or
in combination with a least squares type of method. This allows the fuzzy systems to learn
from the data they are modeling. A network-type structure similar to that of a neural network,
which maps inputs through input membership functions and associated parameters, and then
through output membership functions and associated parameters to outputs, can be used to
interpret the input/output map. The parameters associated with the membership functions
will change through the learning process. The computation of these parameters is facilitated
by a gradient vector, which provides a measure of how well the FIS is modeling the
input/output data for a given set of parameters. Once the gradient vector is obtained, and any
of several optimization routines could be applied in order to adjust the parameters so as to
reduce some error measure (usually defined by the sum of the squared difference between the
actual and the desired outputs). ANFIS uses either back propagation or a combination of least
square estimation and backpropagation for the membership function parameter estimation.

The modeling approach used by ANFIS is similar to many system identification
techniques. First, one hypothesize a parameterized model structure (relating inputs to
membership functions to rules to outputs to membership functions, and so on). Next, one
collect input/output data in a form that will be usable by ANFIS for training. One can then
use ANFIS to train the FIS model to emulate the training data presented to it by modifying
the membership function parameters according to a chosen error criterion. This type of
modeling works well if the training data presented to ANFIS for training (estimating)
membership function parameters is fully representative of the features of the data that the
trained FIS is intended to model. In some cases, data is collected using noisy measurements,
and the training data cannot be representative of all the features of the data that will be
presented to the model. This is where model validation comes into play.

Model validation using checking and testing data sets is the process by which the input
vectors from input/output data sets on which the FIS was not trained, are presented to the
trained FIS model, to see how well the FIS model predicts the corresponding data set output
values. This is accomplished with the ANFIS Editor GUI using the so called “testing data
set”. One can alternatively use another type of data set for model validation in ANFIS. This
other type of validation data set is referred to as the checking data set and this set is used to
control the potential for the model overfitting the data. When checking data is presented to
ANFIS as well as training data, the FIS model is selected to have parameters associated with
the minimum checking data model error. One problem with model validation for models
constructed using adaptive techniques is selecting a data set that is both representative of the
data set the trained model is intended to emulate, yet it is sufficiently distinct from the
training data set so as not to render the validation process trivial. If one has collected a large
amount of data, hopefully this data contains all the necessary representative features, so the
process of selecting a data set for checking or testing purposes is made easier. However, if
one expect to be presenting noisy measurements to the model, it is possible that the training
data set may not include all of the representative features one want to model. The basic idea
behind using a checking data set for model validation is that after a certain point in the
training, the model begins overfitting the training data set. In principle, the model error for
the checking data set tends to decrease as the training takes place up to the point
that overfitting begins, and then the model error for the checking data suddenly increases.
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Figure 18. A typical Sugeno fuzzy inference model.

ANFIS is indeed much more complex than the FIS, and is not available for all of the
FIS options. Specifically, ANFIS only supports Sugeno-type systems (Sugeno 1985) as in
figure 18. Such systems have the following properties:

e Be a first or zeroth order Sugeno-type system.

e Have a single output, obtained using weighted average defuzzification. All output
membership functions must be the same type and either is linear or constant.

e Have no rule sharing. Different rules cannot share the same output membership function,
namely the number of output membership functions must be equal to the number of rules.

e Have a unity weight for each rule.

An error occurs if the selected FIS structure does not comply with these constraints.
Moreover, ANFIS cannot accept all the customization options that basic fuzzy inference
allows. That is, one cannot make one’s own membership functions and defuzzification
functions; one must use the ones provided.

17. FIS structure and parameter adjustment

As stated the ANFIS is an acronym for ANFIS. Using a given input/output data set, ANFIS
constructs a FIS whose membership function parameters are tuned (adjusted) using either a
backpropagation algorithm alone, or in combination with a least squares type of method.
This allows fuzzy systems to learn from the data with which they are modeled. A network-
type structure similar to that of a neural network, which maps inputs through input
membership functions and associated parameters, and then through output membership
functions and associated parameters to outputs, can be used to interpret the input/output map
as in figure 19 (Jang et al. 1997).

The parameters associated with the membership functions will change through the
learning process. The computation of these parameters (or their adjustment) is facilitated by
a gradient vector, which provides a measure of how well the FIS is modeling the input/output
data for a given set of parameters. Once the gradient vector is obtained, any of several
optimization routines could be applied in order to adjust the parameters so as to reduce some
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Real-time Laser Monitoring based on
Pipe Detective Operation

Mongkorn Klingajay, and Tawatchai Jitson

Abstract—The pipe inspection operation is the difficult detective
performance. Almost applications are mainly relies on a manual
recognition of defective areas that have carried out detection by an
engineer. Therefore, an automation process task becomes a necessary
in order to avoid the cost incurred in such a manual process. An
automated monitoring method to obtain a complete picture of the
sewer condition is proposed in this work. The focus of the research is
the automated identification and classification of discontinuities in
the internal surface of the pipe. The methodology consists of several
processing stages including image segmentation into the potential
defect regions and geometrical characteristic features. Automatic
recognition and classification of pipe defects are carried out by means
of using an artificial neural network technique (ANN) based on
Radial Basic Function (RBF). Experiments in a realistic environment
have been conducted and results are presented.

Keywords—Aurtificial neural network, Radial basic function,
Curve fitting, CCTV, Image segmentation, Data acquisition.

I. INTRODUCTION

HE sewer operation is one of the biggest infrastructures of

several industrialised countries, reaching 5000 km of
sewers per million of persons. Whilst, the total sewer
operations in Thailand are predicted to be 170,000 km long.
Some sewers are now more than 100 years old, and at least
half the total number of sewers is over 50 years old, and
around 20% of them are damaged in any reason. According to
a study by a Thailand-based company, there are approximately
6,000 collapses and 350,000 blockages per year in the
Thailand. Considering that only 0.1 % of the sewer system is
replaced every years, these figures are expected to increase by
3% every years. Early detection of pipe defects may prevent
severe failures that could involve environmental catastrophes
and high economic costs.

Since the small diameter of sewers, humans could not
access and directly inspect a large part of pipes in the
municipal sewer system. Remotely controlled inspection
devices based on mobile robots or wheeled platforms
equipped with sensors are used instead. The standard approach
is to have a closed circuit television (CCTV) camera fitted on
a mobile platform that travels through the pipe recording
images onto a videotape. The recorded images are assessed
off-line by an engineer. One of the major drawbacks of this
technique is the exorbitant amount of information generated,
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that can reach about 3 hours of video for the inspection of 1
km of line [6].

Standard CCTV is currently used in many pipe inspection
applications, such as sewers. This human-based approach is
prone to error because of the exorbitant amount of data to be
assessed, and smaller anomalies or defects are likely to be
overlooked reducing the chance of detection of faults at an
early stage. And some research has been carried out in the
field of automated sewer inspection. For instance, the Civil
and Environmental Engineering group, at Concordia
University (Canada), is developing a model for automating the
process of identifying surface defects from digitised video
images of underground water and sewer pipes, using image
analysis, pattern recognition and neural networks [5].
Automatic recognition, rating and classification of pipe
defects are carried out by means of artificial intelligence
software tools. Images are segmented into potential defect
regions and characteristic geometric features. Region
classification is performed by a feed-forward, off-line trained
neural network classifier. A rule-based system interprets, rates
and reports the classified regions as pipe defects [1].

Laser profilers for pipe inspection have been recently
proposed to overcome CCTV problems. Positional as well as
intensity information, related to potential defects. While single
techniques have been used for other types of pipe inspection
[9], inspecting the two media (liquid and gas) in sewers is
more complex than, for example, gas or water pipelines in-
spection [7]. The investigation reported in this paper is part of
a research program with aiming to develop intelligent
autonomous agents, which able to travel inside sewer pipes
and inspect them for defect detection. A main research
challenge in developing autonomous systems is to create a
robust sensor system capable of monitoring the pipe above and
below the water line. Two main disadvantages of such
camera-based inspection systems are (a) the low quality of the
acquired images due to difficult lighting conditions (b) the
susceptibility to error during the offline assessment by human
operators. This research is aim to overcome these
disadvantages and to create an intelligent sensing approach for
improved and automated pipe-condition assessment.

Therefore, the time required by the engineer to assess the
pipe condition depends on the number of defects. Owing to
the variability and the time consumption incurred by the
human-based assessment process, automation of this part of
the inspection task becomes an important issue.

This research is aim to study and develop multi-sensor
systems and to create intelligent sensor fusion and sensor data
processing algorithms. It is envisaged that a system based on a
laser-profiler and CCD camera measures the surface geometry
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III. IMAGE SEGMENTATION

A sequence of image processing stages is used to identify
the location and specific shape of the ring profile and to
separate it from the image background. Once a ring profile is
properly extracted, a feature extraction algorithm scans the
profile. This process is repeated for each of the acquired
profiles, instead of searching the entire and potentially very
large pipe wall image for defects. This approach has been
shown to considerably reduce the amount of data to be
processed, and consequently the computation time. The
projection of a circle into the camera image is an ellipse. Also,
any misalignment of the projector device with respect to the
pipe centre will cause the ring projection to degenerate into an
ellipse. Fitting the acquired pixels to an ellipse equation
becomes a need. Clustering methods such as Hough transform
were tried, but besides some advantages like high robustness
to occlusions and lack of pre-segmentation requirements.

They are computationally complex and result in multiple
solutions. In this work, a highly efficient specific ellipse-
fitting algorithm is used. It is preceded by a signal-
conditioning and filtering stage, which enhances the quality of
the images and facilitates the identification of the ellipse [3].

A. Signal Conditioning

Prior to applying the conic-fitting algorithm, image quality
needs to be enhanced. Low-pass filtering steps are applied,
followed by an edge detector [3]. One essential operation to
cope with lighting variations is histogram adaptation. In our
case, the intensity levels of all the image pixels are adjusted to
span the entire available intensity range (0,255). This is an
adaptive image processing step where the pixels intensities are
mapped in such a way that all input intensities that fall below
the average intensity value (background) are mapped to zero
intensity, and all intensities higher than the average are
“expanded” to span the entirc image intensity range. The
effect is that the resulting image is considerably brightened,
and the dynamic range of the dark portions of the original
image is widened, making it much easier to identify the circle
of light. A median filter is applied then, so that noise is
attenuated and edges are preserved. Finally, a canny edge
detector has been found most efficient to pre-segment the
image by finding the edges of the ring of light [3].

B. Ellipse Extraction — Curve Fitting

The methodology has been used in this research to
efficiently fit the image to a conic. It is based on the ellipse
fitting method proposed by Fitzgibbon [2], improved by a
method suggested by Halyr [4]. The approach is a mnon-
iterative algorithm based on a least squares minimization of
the algebraic distance between the data points and the ellipse.
A quadratic constraint guarantees an ellipse-specific solution
even for scattered or noisy data, or for a partial occlusion
condition, which can occur when the sewer is partially
flooded. Also to improve the behaviour of the algorithm in the
presence of noise, a weighted function is applied to the points
before feeding them to the above algorithm.

The method is based on the representation of a conic by an
implicit second order polynomial:

Fax)=a-X=axX +b-x-y+c-y +d-x+e-y+f=0 (1)
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Wherea=la b ¢ d e f]Tand,

=X xy ¥ x y If
and F'(a,X) is the algebraic distance of a point (x, y) to the
conic F(a,x)=0.

The curve fitting consists of minimizing the squares of the

N
distances, ZF (a ,J_c,.)z, subject to the equality constraint,

i=1
4ac —b* =1, incoporating both scaling and ellipse-specific
conditions. Then, the smooth curve can be fitted and applied
to the experimental signal. Using the interpolating polynomial
of n™ degree then we can obtain a piecewise use of
polynomials, this technique is to fit the original data with the
polynomial of degree through subsets of the data points. This
result is quite suitable approach as a least square curve fit
algorithm [10].

C. Feature Extraction

At that stage, the extraction of the intensity information
along the segmented ellipse is completed. In order to achieve
this, a partial histogram of the image is created using local
averages of intensity along the ring profile. Subsequently,
faults can be identified and located analyzing successive
histograms. The feature extraction algorithm computes local
averages of intensity along a defined number of segments of
the ellipse. The local average intensity is computed using the
formula:

ZU—X

2
5 @

Where,
x is the grey level of a certain image point, and

4 the frequency of that grey level.

Since the image of the ring of light is wider than one pixel,
the average is computed over a sliding window covering area
along individual ellipse segments. Fig. 3 shows the results of
the feature extraction process displayed as a partial image
histogram. In the current experiment, a pipe of 260 mm of
diameter is used. A 2mm hole has been pierced at 122 degrees
from the horizontal axis. The partial histograms have been
computed with steps of one degree along the ellipse segments.
Successive histograms are computed from the pipe surface
images that are taken while the platform travels along the pipe,
to create an image of the pipe wall. Steps of 5 mm in the
longitudinal direction were used in this experiment. A sliding
window is applied along the ellipse. The peak indicates the
location of a potential discontinuity, which shown in Fig. 4.
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encouraging results, the next step will be to test the system in
real pipes, in order to confirm its robustness and to improve
the experimental set-up and the algorithms to cope with real
conditions. Algorithms to retrieve the position of the platform
with respect to the pipe are under research, since the platform
is not expected to be always in the centre of the pipe. Besides
that, the profile images could change, due to possible particles
in the gaseous part of the pipe and roots penetrating through
the walls of the pipe. To cope with such problems the
algorithms and the experimental set-up could need further
development to guarantee a clear representation of
discontinuities.

The long-term objective of this research is to assess
partially flooded pipes using a multi-sensor system. The
transducer described in this paper inspects the non-flooded
surface, while an ultrasonic sensor will inspect the flooded
parts [1]. In order to get a complete image representing the
condition of the entire surface of the pipe, sensor fusion can be
carried out at the pixel, signal or feature levels. Moreover, the
information acquired by the ultrasonic sensor will be used in
order to improve the performance of the camera-based method
described here, especially in the presence of noise or under
conditions where the camera images are partially occluded.
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State of the Art in Sensor Technologies
for Sewer Inspection

Olga Duran, Kaspar Althoefer, and Lakmal D. Seneviratne

Abstract—This paper reviews the state of the art in sensors and
automated inspection devices for enhanced sewer inspection. Effi-
ciency, safety, environmental, and legislative concerns have made
inspection and assessment of communal sewers a central issue to
water and sewerage companies. Nowadays, the standard sewer in-
spection system is based on a wheeled platform on which a closed
circuit television (CCTV) camera is mounted. One of the disad-
vantages of camera inspection systems is that they can only detect
a small proportion of all possible damage in a sewer. The inspec-
tion outcome of such systems relies not only on the quality of the
acquired images, but also on the off-line recognition and classifica-
tion conducted by human operators. In consequence, CCTV-based
platforms are frequently not effective. Infrared, microwave, op-
tical, and ultrasonic-based sensors have been proposed to comple-
ment the existing CCTV-based approach and to improve inspec-
tion results. New inspection devices employing multiple sensors
and being capable of carrying out remote sewer inspection tasks
are under research.

Index Terms—CCTV, ground penetrating radar, infrared ther-
mography, laser profilometry, pipe inspection, sewer inspection,
sonar.

1. INTRODUCTION

HE communal sewer network is often one of the biggest

infrastructures of an industrialized country, reaching about
5000 km of sewers per million citizens. For example, the total
sewer network of the U.K. is estimated to be 250 000 km long,
Japan’s network is 340000 km long, and the sewer system in
Germany is even 360 000 km long [1], [3], [9]. Similar figures
apply also to the U.S., which, according to the U.S. Environ-
mental Protection Agency, is presumed to have approximately
two million-km of sewers.

Mainly due to their age (at least half the total number of
sewers is over 50 years old), it is estimated that around 20%
of sewer networks are damaged [2]. According to a study by an
U.K.-based company, there are approximately 5000 collapses
and 200000 blockages per year in the U.K. [3]. Considering
that only 0.1% of the sewer system is replaced every year, these
figures are expected to increase by 3% every year [3]. Early de-
tection of cracks may prevent severe failures that can involve en-
vironmental catastrophes and high economic costs. Most of the
sewer inspection systems currently use closed-circuit television
(CCTV) as the sensing device. The camera is fitted on a robot
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or a wheeled platform that travels across the pipe recording the
images in a videotape which will be inspected off-line by an op-
erator. This method has some disadvantages such as being slow,
expensive, and prone to human errors.

Emerging sensing technologies for sewer inspection are
infrared thermography systems, based on heat transfer and
temperature differences in materials, ground penetrating
radar, based on the emission of electromagnetic pulses,
ultrasonic-based systems, and laser-based systems. These
sensing technologies have been proposed and implemented
in some advanced inspection platforms that are mostly under
research. The aim of this paper is to review currently-used and
newly-developed sensing methods suitable for assessing the
condition of waste pipes. In Section II, the characteristics of
the pipes and sewer environment are examined to establish
the requirements of sewer inspection sensors. In Section III,
current commercially employed systems for sewer inspection
are reviewed. In Section IV, sensing methods that can be
used for the nondestructive inspection of sewer conditions are
described. In Section V, integrated inspection systems making
use of some of these sensing methods are described. The
conclusions of the paper will be presented in Section VI.

II. CHARACTERISTICS OF SEWERS

The quality of the assessment can be optimized by choosing
the most suitable sensors for the particular inspection problem.
In order to do this, it is necessary to define the specifications of
the required inspection and, consequently, to take into account
details of the nature and characteristics of the pipe.

There are three types of wastewater systems: storm drains,
sanitary sewers, and combined systems for both purposes.
Sewers, in general, were traditionally constructed of vitrified
clay, cast iron, bricks, and concrete. Current constructions
use materials such as reinforced concrete, ductile iron, steel,
polyvinyl chloride (PVC), and polyethylene [3], [7].

A large part of pipes used in municipal sewer networks is
circular. Pipes wider than 1 m inner diameter are considered
accessible for humans and are inspected by walking through
them. Although the size of sewers varies greatly in different
countries, the majority of them are inaccessible, with diameters
going down to 100 mm [3], [8], [17], [18], [59]. For instance,
in the U.K., 96% of the 250000 km of existing sewers have
inner diameters smaller than 1 m. There are, however, holes at
regular intervals through which the pipe can be accessed. These
apertures are called manholes and are predominantly made of
clay bricks or reinforced concrete [2].

Besides the material and geometrical characteristics of the
pipe, it is important to consider the nature of the failures to be
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Air operational transducers have been improved in order to
generate utilizable ultrasound inside the pipe. The transmitting
transducer generates high levels of sound with a focused beam
profile and the receiver transducer uses high-gain and low-noise
amplification. Various configurations and wave modes can be
generated [24]. However, the resulting transducers are narrow-
band, can be operated at one frequency only and the maximum
distances between the transducer and the structure under test are
in the range of centimeters [24]-[26]. Although improved air
operational transducers and lasers have been proven as useful
noncontact techniques in industrial applications, they have not
been used in sewer assessment. It has to be noted that their adap-
tation for sewer inspection may be difficult, and their application
costly.

EMATSs (electromagnetic acoustic transducers) have been
successfully used for material defect characterization in pipes.
A transmitting coil element can generate a mechanical pulse
within the material, based on the magnetostrictive effect. It is
particularly interesting that EMATS are able to generate guided
waves [27]. The principle of the guided wave technique is
that the waves are guided between the two parallel surfaces
of the pipe (see Fig. 7). Guided waves require the generation
of transverse or shear waves. However, transverse waves only
occur in solid materials but never in liquid or gases, and,
therefore, immersion probes cannot be used to generate guided
waves [28].

EMATS generate a mechanical pulse within the material, and
thus, the measurement is not affected by the coupling medium
between the transducer and the material. The main disadvantage
is the fact that the material to be inspected has to be electrically
conducting, excluding most types of sewer [29]-[31]. Current
designs for pipe inspection incorporating ultrasonic technology
include Ultrascan CD (Crack Detector), a tool including 480 ul-
trasonic sensors, oil coupled transducers and EMATS, for crack
detection in oil pipes [33].

Recently, the Group of Non-Destructive Testing at Imperial
College has developed a new type of ultrasonic probes, named
dry contact transducer, that can generate longitudinal and shear
waves. These probes consist of immersion-type probes enclosed
in a thin elastomer membrane and are coupled to the object by
pressure [32]. Thus, these probes have the same performance as
immersion probes but they can also generate shear waves and
guided waves with low frequencies, which will follow the shape
of the pipe inner wall. As in traditional contact probes, attenu-
ation and conversion of the wave may occur, if the material to
be tested is highly porous or the pressure applied is not high
enough.

On the one hand, ultrasonic is a very versatile technology,
where different commercial probes and measurement modes are
available. On the other hand, some drawbacks have to be consid-
ered and can be summarized as follows: large amounts of data
are usually generated; the nonhomogeneity of the materials to
be inspected affects the measurements; the rough surfaces of
pipes may create coupling problems; difficulties exist to create
guided waves, and there are further problems associated with
the wave generation such as mode conversion (for example, lon-
gitudinal waves can be transformed into transverse waves, and
vice versa).

Tneident wave Inedent wave Popugatisn
// of the wvawe
//’{" E— *
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of the wuye _—
@ (b)
Fig. 7. (a) Guides waves and (b) longitudinal waves in immersion probes.

C. Infra-Red (IR) Thermography

In thermography, infrared radiation is used to generate tem-
perature differences across an object, which can be subsequently
measured. The infrared wavelengths span 8 to 14 zsm, where the
atmosphere is transparent [40], [41].

Employing this method, the spatial distribution of heat in a
test object and its variation with time are measured. The thermal
evolution is measured using an infrared scanner sensitive in
the 8-14 pm range [35], [37]. High-resolution infrared scanners
allow large areas to be scanned. The measured heat distribution
is then converted into a visible image with areas of differing tem-
peratures determined by different colors. Normally, for high-
resolution purposes, the infrared scanner must be cooled to elim-
inate background noise. With cooled scanners, resolutions up to
0.01 C can be achieved [41].

Thermography is based on heat transfer. The energy transfer
theory states that energy flows from warm areas to cooler ones.
This allows acquiring information about the subsurface of the
objects. Depending on whether an artificial heating source is
required or natural sources are sufficient, two different proce-
dures, active or passive, can be applied [36].

The inspection of sewers without an artificial heating source
(passive approach) has been efficiently performed [39], [7].
Subsurface defects such as deteriorated pipeline insulation,
leaks, or voids, which could not be detected by traditional
CCTV inspection, could be discovered. The inspection was
carried out from outside the pipe allowing large areas to be
examined in a short time. There, either, the sun acts as energy
source, warming the ground surface above the pipes, or for
nightly inspections, the process is reversed with the ground as
the heat source and the sky as the heat sink.

For active thermography, infrared tube lights are normally
used to heat the pipe. The active procedure has been pro-
posed for pipe inspection [37], [38]. Several techniques of
measurement are then available. pulsed thermography (PT)
is the simplest among them. A thermal impact is applied to
the test structure, and the subsequent thermal evolution of
the surface is monitored. As the absorption of energy from
the thermal pulse causes the surface temperature to change
quickly, a thermal front propagates by diffusion along the
surface. Special zones like defects and air gaps have thermal
properties that are different from the test structure itself, and
change the diffusion rate so that defect location and depth can
be recognized. The main drawback of this method is the high
sensitivity to illumination: the spatial resolution with depth
is low due to the loss of thermal contrast, and consequently,
more than one subsurface defect at the same position cannot be
detected (lower defects are concealed in noise) [37], [38].
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A further improved technique is modulated infrared thermog-
raphy (MT). With this technique, a temperature wave, which is
sinusoidaly modulated, is applied to the pipe, and the resulting
stationary response, whose amplitude and phase depend on the
input frequency, is observed. The relevant magnitude to be ob-
served is the phase image which, being related to the propaga-
tion time, is independent of optical or infrared surface features.
However, it is difficult to apply the modulated heating, and the
acquisition process is slow. In order to speed up the acquisition
process without loosing the frequency resolution, a frequency
transform (e.g., Fourier transform) of thermal wave frequen-
cies obtained in PT experiments can be used. This procedure
is called pulsed phase infrared thermography (PPT). PPT has
the advantages of MT but in addition, the acquisition speed is
increased. Moreover, phase images are not affected by nonuni-
form heating; thermal sources are thus easier to place. Using
FFT, it is very easy to observe defects. More than one defect at
any position can be detected [37], [38].

In conclusion, IR thermography is intrinsically safe, emitting
no radiation other than thermal radiation. The technique is not
affected by the type of material to be tested. Moreover, it is pos-
sible to measure large areas in short periods. Infrared thermog-
raphy is an area testing technique, contrary to point test methods
where multiple readings have to be taken to obtain information
on an area.

D. Ground Penetrating Radar

The term surface or ground penetrating radar (GPR) [49]
refers to the location of objects or interfaces buried under the
ground or surrounded by visually opaque structures, using the
emission of short pulses of electromagnetic energy. GPR is
considered as a proven nondestructive testing method for the
inspection and location of buried objects. The conventional
way of measuring is carried out by moving the radar across the
surface of the structure to be tested and creating an image as in
an ultrasonic scan [50]. Radar systems can be used either from
inside or outside the pipe to give information about the pipe
and the surrounding ground [49].

Radar involves the propagation of electromagnetic waves
from probes, typically antennas, at frequencies ranging from 3
MHz to 300 GHz. GPR employs waves typically in the 100 to
1000 MHz frequency range [51]. The radar itself consists of
a single antenna working as a transmitter and receiver or two
separate antennas for transmission and reception, respectively.
An impulse in the time domain is often used and the reflections
from variations in the dielectric (e.g., presence of moisture or a
defect) are measured. In principle, any dielectric discontinuity
is detected with a radar system. Nevertheless, the radar system
should be designed to detect a given target, and optimum
performance will be obtained if the characteristics of the
dielectric materials including defects are taken into account.
These characteristics will determine the spatial resolution and
penetration depth of the radar [49].

Information about the sewer’s structural conditions, the
sewer-soil interface, and the surrounding soil may then be
obtained using different antennas with penetration depths and
resolutions according to the targets. For instance, an antenna
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TABLE 1
SOME DIELECTRIC MATERIALS AND THEIR PROPERTIES
Frequency 100MHz | 1GHz | 10GHz
Material Relative Propagation Wavelength  [em]
permitivity |  velocity cm/ns

Air 1 30 300 30 3

Concrete 9 10 100 10 1
Freshwater 80 3.35 335 3.35 0.335

with a medium frequency (e.g., 200 MHz) can be used to
inspect the surrounding soil, a higher frequency antenna (e.g.,
500 MHz) to investigate the structure of the sewer and the
sewer-soil interface and, eventually, a third antenna operating
at a very high frequency (e.g., 1 GHz) to examine the structure
with increased precision [52].

As shown in Table I, the choice of the frequency range
is a trade-off between resolution and penetration depth. The
maximum resolution achievable is in the range of the value
of the wavelength. Signal processing techniques have been
developed in order to increase the resolution, but the resolution
limit still remains close to the wavelength value. Typically,
maximum penetration depths do not exceed 20 wavelengths. To
achieve adequate penetration in wet materials, such as wet soil,
low frequencies have to be used [49]. It has also to be noted
that the relative permitivity of the dielectric materials such as
concrete or plastics, which are used in sewers, is very close to
the permitivity of air. Hence, the detection of cracks and air
gaps in these materials can be a problem. On the other hand,
leakage or wet soil, obstacles, or metallic pieces are easily
detected.

Current applications of GPR include the examination of con-
crete bridges. It has also been successfully utilized in France for
the assessment of sewer networks. In this work, the GPR mea-
surement is complemented by a CCTV system that is used to
control the antenna orientation [52]. ERA technology, based in
U.K,, has also developed a pipe-inspection radar antenna to as-
sess the state of the surrounding ground. This radar antenna is
designed for use in sewers of 200 mm diameter [54].

One of the main advantages of GPR is the fact that the an-
tenna does not have to be in contact with the surface of the pipe.
Another issue is the fact that information about what surrounds
the pipe and the interface of the pipe-soil can be comprised. Fur-
thermore, GPR inspection techniques are currently used because
of the high inspection speed when compared to other methods.
However, there more work needs still to be done in the fields of
signal processing and image recognition [53], [54].

V. MULTISENSOR SEWER INSPECTION SYSTEMS

As shown, each individual inspection method has specific
characteristics that make it suitable for the detection of partic-
ular defects. Usually, only a limited subset of occurring anoma-
lies can be recognized by examining data obtained from a single
sensor. In most cases, it is only possible to determine anomalies
combining several different sensor signals. Systems combining
several different sensing technologies have been proposed. The
data collected by those systems is usually stored separately and
combined after the inspection is complete [6]. These new sys-
tems often consist of an in-pipe vehicle that carries the sensors
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and associated instruments through the sewer and is linked to a
mobile control room by cables [7], [4], [9].

KARO is an advanced multi-sensory robot inspection system
that has been developed in a joint research and development
project with four partners from the German industry and re-
search institutes. The KARO system consists of two functional
units: a mobile control and surveillance station and the mobile
robot carrying intelligent multi-sensors. Both units are linked by
a cable. The robot, that has been designed to inspect pipes with
a minimum internal diameter of 200 mm, is 800 mm long and
160 mm in diameter.

The robot is characterized by a flexible pan-and-tilt head that
holds the sensors: a CCTV camera, used for manual opera-
tion, supplemented with sensors that consist of a monochrome
camera with a radial-light structural projector, air-operational
and diving ultrasonic sensors, as well as microwave sensors.
The microwave sensor can detect damage, including leakage
holes in the soil and cracks in the pipe, up to 100 mm beyond
the pipe wall. The camera analyzes the rings of light projected
onto the internal pipe wall, finding pipe deformations and ob-
stacles. Finally, ultrasonic sensors are capable of measuring ob-
stacles, cracks, and wall thickness. Fuzzy logic and mathemat-
ical methods have been implemented in order to fuse individual
sensor information. The procedure takes advantage of the fact
that probable damage can be recognized early by single sensor
information, although the final analysis and action will be de-
termined by the global sensor data result. The final informa-
tion given to the human operator is a detailed description of the
damage according to the ATV standards [10]-[13].

The pipe inspection real-time assessment technique (PIRAT)
system is another experimental system developed by CSIRO
and Melbourne Water, Australia. The PIRAT platform measures
the internal geometry of the sewer and analyzes this data. De-
pending on the flow level, the surface geometry is measured by
laser or sonar profilometry tools. The system consists of a ve-
hicle including a CCTV used for its manual operation, a laser
scanner for inspecting drained pipes, and a sonar scanner for
flooded pipes. The laser scanner operates by reading reflected
light using a video camera, and the sonar scanner works by
analyzing echoes that represent the features of the pipe. The
maximum resolution obtained with the laser scanner is approxi-
mately 1.5 mm in radius [14], [15]. Sonar data was found signif-
icantly inferior to laser data. Automatic recognition, rating and
classification of pipe defects are carried out by means of artifi-
cial intelligence software tools. After an initial image processing
stage involving correction of missing values from the raw data,
images are segmented into potential defect regions and charac-
teristic geometric features. Region classification is performed
by a feed-forward, off-line trained neural network classifier. A
rule-based system interprets, rates, and reports the classified re-
gions as pipe defects. Finally, the resulting condition assessment
report is presented to the user with a graphical interface. This
approach has performed much better than CCTV-based systems
when applied to concrete and vitrified clay pipes.

The sewer scanner and evaluation technology (SSET) is a
data acquisition tool that obtains scanned and videotaped im-
ages of the pipe and rotation information from a three-axis me-

chanical gyroscope [7], [4], [16]. One of its main features is
the analysis of scanned image to locate corrosion in joints and
pipe walls. Although the process of result interpretation is cur-
rently carried out by a human operative, the use of fuzzy tech-
niques for identification and classification of defects is under
research. This would allow the system to deal with the uncer-
tainty caused by the lack of precision in measurement data. The
proposed neural system is based on a Kohonen self-organizing
map, implemented as a neuron array [61].

Finally, work is undergoing in what is termed totally inte-
grated sonar and camera system (TISCIT). The TISCIT system
consists of combining sonar with CCTV or profiling techniques
to generate a continuous 360° view in semi surcharged pipes.
Amtec Europe of Chesterfield (U.K.) has gained considerable
expertise in the use of this technique. Sonar sensors and CCTV
cameras are mounted on the same trolley, allowing its use in
pipes above 600 mm diameter; the time needed for a 360-de-
gree scan is under a second. In order to assist in the analysis, the
system has the possibility of digitizing the original sewer plans,
enabling the comparison of cross sections for the assessment of
the sewer condition in terms of shape, cracks, and deposits.

VI. CONCLUSION

Despite their drawbacks and advantages, each sensing
method provides limited information about the sewer condi-
tion. This is because each method measures different physical
properties and, consequently, only specific features of the
material defects are recognized [55].

Ultrasonic sensing is a very flexible method with several dif-
ferent measurement modes and sensors available. Defects can
be detected in longitudinal and transverse directions of the pipe.
Ultrasonic measurements can be very precise, and small de-
fects can be detected but the volume of information generated
and the time needed for acquisition and evaluation may be pro-
hibitive. Furthermore, measurement precision decreases with
the real conditions of the sewer (wall roughness, water impu-
rities, etc.). Different types of ultrasonic sensors and different
measurement technologies can be implemented in order to fulfil
all the specifications of the pipe inspection system. It should
be noted that due to the high sound attenuation in concrete and
plastics, just one sensor for inspecting the whole circumference
of the pipe would not be sufficient. Several sensors or rotating
transducers have to be used in most cases.

Profiling tools include optics- and ultrasonic-based systems.
They give accurate and fast information about the surface but no
information about the subsurface of the pipe. Laser profilometry
is a fast and accurate technique. However, no useful images are
obtained when the camera becomes submerged in liquid. Sonar
techniques overcome this problem. When balancing drawbacks
and capabilities of these methods, combinations such as optic
plus ultrasonic profiling tools represent good complementary
sensor pairs to be used respectively in the media air and water.
Another choice, in order to avoid the use of optical sensors
(whose results are more sensitive to real sewer condition, such as
darkness or moisture), could be the combination of both immer-
sion and air-operating ultrasonic sensors with suitable working
frequencies. However, it has to be taken into account that sonar
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data has been found less accurate than data from laser/camera
systems.

Infrared is a very promising measurement technique for
sewer assessment. Active configurations using new acquisition
methods are very favorable in terms of resolution and ease of
implementation. At present, there are only preliminary methods
for quantitative defect evaluation using IR. The passive IR
configuration has been successfully proven for sewer condition
assessment of large areas. Although infrared thermography and
ground penetrating radar are two potential sewer inspection
methods, interpretation of their data still presents some difficul-
ties. The combination of these two methods has already been
proposed as a solution that can provide good results [56], [57].

Multisensor systems that are under research have also been
reviewed. After defect location with one method, it is suggested
that measurements acquired by another method be used to vali-
date the first one or to give additional information. However, the
use of additional sensors can be expensive and time consuming.
If improperly processed, the volume of data can also increase,
making signal interpretation more complex. Furthermore, the
storage of a large amount of data can increase system weight and
power consumption. Future research will have to focus more on
the process of integrating data from different sensors using a
signal-processing concept known as multisensor data fusion. In
order to extract valuable information, data fusion architectures
have to be developed to evaluate the structural integrity of the
pipe more accurately. Artificial-Intelligence-based methods will
have to be developed to interpret the data and to arrive at reli-
able prediction of the long-term behavior of the inspected pipe
segments [55], [58].
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