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A B S T R A C T  
Nowadays. the automat izalton of railway main- 

tenance work i s  a rirm requirenent. In ordpr to 
respond in part to t h i s  requirement. a practical 

ohstacle detecting syslcm based on an ori~inal 
laser-sectioning method has been developed. 

I t  *as conrlrmed that the calibration for the 
ohstacle detcction was porlorm~d to an accuracy of 
mnrr than 5 mm. Noreover. a ttieoretical est  inat ion 
predicted that dynamic errors sho111d be rejected to 
less than S m m  hy detcctinn o l  rails. 

A field Lest confirmed a sz~flicienlly high sensi- 
b ~ l ~ i y  nf actual Fmr:il itips detpction at a runninpl 
s p e ~ d  o f  4 Okm/h. 

It is cons ~dnrcd Lhut the most  advanced obstacIe- 
drtectin~ system For railways has been provided by 
Lhis development. 

I N T R O D U C T I O N  

In raiiway maintenance morks. observations for 
s a F ~ t y  and rncil ity inspections are s t 1  11  completely 
reliant tlpon huwan labour and modernization 1s h ~ g h -  

ly dczirnhIel". 
In recent years, laser-sectioning ncthods have 

been succesrully applied in various industrial 
fie[dsl>l-14' . Hany attempts have been made to auto- 

mattm railway ~nspection. The electrical inspec- 
 tin^ vehicles c " ,  a computer system mnaglnpl tunnel 
prof i le data'"' and V ~ h i r . l e  riding systems prncti- 
cal f o r  l a r ~ o  Lrack areas1". l a ' *  However. an In- 
nntion lnspectlon system Tor a wide area such as all 
around the rabluay has n o t  heen achieved till nor. 

The authors have developed an advanced 1 i e h t -  
section in^ method "'. In Lhis paper. we cliiefly de- 

scribe the error estimations or tlie system developed 

Tor prnctical US? l '" ' .  

D E S I G N  O V E R V I E W  

One of the objectives or the systrm i s  in-motion 
inspection o f  facilitirs suclr as tunnels and p l a t -  

forns. This means real-time measurements o f  the 
locations and proriles. and juduenents as to whether 
the construction RauRe Iras been invaded or  nor. The 
cnnstsuction RAUEC. pr~scribed by statute. is the 
boundary inside which no objects must be located. 

In-motion inspection O F  railways requires a sys- 

tem w ~ L h  the characteristics o i  0 hieh accuracy, 
10-20am consistent wi th a wide view of total width 
!Om, @I real-tiar response. CO f r ~ e e o o  from Tluctu- 
at ions  i n  running up to 4 Okn/b. @ missless For 
obstacles and 6l rreedora rrom interference from 

the Fluorescent lamps which railway lacilities are 
equipped with. The sysrem was designed aroi~nd the 
above puidetines. 

P R r N C I P L E  

Ileasuressn t Tachn ique : The measurement is based 

on the advanced laser-sectioning method usins or i -  
 ina ally developed H .  V. D.( Hor~zontally-Vertically 

Different pompred) iwa~ing optics as shown in Fig.1. 
A laser street forms a l ~ g h t  stripe on the object 
Face c o r r a ~ p o n d i n ~  to a sectional profile o f  the ob- 
ject .  A h ieh  resnlutinn cannot be  chinr red using R 

v i d e  angle l ~ n s  and a sufficiently ride view cannot 
be obtained with a telephoto lens. A H.Y.D. tmagkng 

optics iulF11ls both characteristics o f  a ride v i e r  
and a high resoIution. A s  a resill t. a three-loId 
i mprevement range accuracy was achieved. 
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F i g . 1  Advanced Laser-Sectioning Method 

with High R e s o l u t i o n  and Wide View 
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Fig .2  Inspec t ion  View F i e l d s  and 

the  Construction Gauge 

A l a s e r - s e c t i o n i n p  p r o f i l e ( y .  z )  can be obtained 
f r o a  an image p r o f i l e  ( u . v )  on the imarre plane o f  

the  sensor us i n~ I h~ l o  I 1  owi n~  Formu la. 

E l )  

Fig .5  D e t e c t i o n  o f  the System Fluctuation 

by R a i l  P o s i t i o n  Measurement 
Where. m ,  anrl m .  a r c  imaging maunif i c a t i o n s ( <  l 1. . and f . nrn Foc~l i o n ~ t h s  of the H . V .  D o p t i c s  

~ n d  fl i s  lhn a n ~ l p  hctwecn l i s h t - s h e e t  and opL ica l  

nx is  n l  campra. I n  the casc o f  our system, r p s o l u -  

t tonr: o f  the imagr srnsor a r e  E . = 16 p m. E . - 26 p m 
I f  i e l d  mods) and local lengths o f  H.V. D. o p t l c s  arc 
f .=25mn. f .-8.3an. n l t l t o u ~ h  f ,= F ,  i n  an o r d t -  

nnl case. The i ~ a g ~ n ~  r c a o t i t t i o n  o r  the  o p t i c s  was 

optimized Lo w i t h r n  1Opm on the  iwage plane. 

The vie* f i e l d s  o r  Lhe inspection are s h o w  I n  

F ~ R .  2 r i  t h  tho c n n s t r u c t i o n  RnuRe. The f i v n  o r i ~ i -  
nal  l ase r -sec t  ion in% systems cover Lhe b o l e  inspcc- 

t i o n  area and t r a  o r d i n a r y  systems cover t h ~  rai IS. 
As Lo a  t y p i c a l  view l t ~ l d  ( R ) ,  m.=0.0057, m.= 
0.0017 and 0 = 6 5 ' .  Tbt- s i z e  of the v i p *  a l o n g  t h ~  

boundary is 3.9m and the  r e s o l u t i o n  of ranfie sea- 

suremcnt i s  est imated as 2 . 9 5 ~  From t h r  formula ( 2 ) .  

The tnrget  i s  fu rn i shpd  m i  t h  a b o t ~ t  Fiity pina o f  d i -  
nmctrr 4 ma r v w y  v i c r  F ~ r l d .  Pig.4 shows 1 . Slam 

diam~ter nna Tor thn r a i l  v t - 1 ~ .  The taruet boards 

s t snd  p a r a l l e l  t o  Lhp l ase r -s l i cc t  and n i l  p i n a  Ken- 
crate tes t  points hy a las r r -shee t  i r r a d i a t i o n .  Tho 
l o c a l ~ o n s  OF a l l  p i r ~ s  ( y , , .  t . , )  were previouzly 

measured w i t h  uccurac ies h p t t e r  than 3 a a  us inu  a 

h ~ ~ h  r e s o l u t i o n  c h ~ o d o l  rte( BILD TC-1600: 3 arcsec. ) 
and convertcld into t h r  data ( u , , . ~ . , )  us in^ the 

formulae ( 1 )  and ( 2 )  rrvcrseSy. 

Ram image data (u .. v .I. measured hy the lanor-  

s ~ c t i o n i n ~  method and accompanied by systemat ic  

ps ro r ,  should bn c s l  i b r a t ~ d  i n t o  data ( u  ., v .I by 

adequate cal i b r a t l o n  runc t ions  ( f (u, v )  and u (u. v ) )  
and ru r ther  converted i n t o  l o c a t ~ o n  d a t a  ( y ., r .) 
by the  lormuIae ( l ) and(Z ) .  The r u n c t ~ o n a  a l  f (~1.v) 

and g (u,v) rcra  cxprcsscd intentionally w i t h  l o u r -  
t h  order pnlynnminals as shown i n  formulae (3 )and(4) .  
because tho above-mcntioned systemat ic  e r r o r s  were 
rstimatcd t o  hc s u r f  i c i r n t l y  ro r rec ted .  

C a l i b r a t i o n  : Two k inds  of s y s t ~ f l ~ t i c  e r ro r .  w h i c h  
occupy s i g n ~ f ~ c a n t  parts o f  s t a t i c  er rors .  must be 

c a l i b r a l e d .  The f i r s t  k i n d  o f  e r r o r  i s  caused hy 

parameters mu. m .. f .. t . and 0 .  Thp o ther  k i n d  

nT c r r o r  1s caused by n s l ~ g h t  seaginE d i s t o t t r o n  

fornod by o p t i c a l  abcrra t ions o f  II. V. D, op t i cs .  a1 - 

t h o u ~ h  the  i n a ~ i n g  r ~ s o l u t i o n  i s  surf ~ c i r n t l y  h ~ g h .  

A l l  s t a t i c  e r r o r s  were c a l i b r a t e d  i n c l u s i v e I y  
n s i n ~  c a l i b r a t i o n  taraets. Pir .3  shovs n tes t  t a r -  

g e t  f o r  the vter a1 l aro i~nd  t h n  c o n s t r u c t i o n  gauge. 
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F i ~ . 7  Conf~guration of the Inspection System 

Thus. t h ~  n i ~ ~ b c r  o f  k c s t  p o i n t s  5 0 every view l i e l d  

was e s t i m ~ t e d  t o  bc s z l f f i c i c n t .  The c o ~ f f i c l ~ n t ~  
n , and t~ , ware d ~ t e r m i n c d  l l s lng  the  l e a s t  squares 

mrthod. 

Dgnauic Rr ro r  Cor rec t ion  : Thc F ina l  pljrposo of 
Ihe system 1% in -mot lon  obstacle d e t e c t i o n  and 8 0  

the ranRe values rrom u e h ~ r : l r s  a r r  s i g n i f i c a n t .  The 

d y n a m ~ c  ranRc r r r n r s  arc  m o s t l y  carlsod by d isp lace-  

m n t s  Y , ( t ) ,  Z , ( t )  and s r o l l i n g  O . ( t , )  o f  the 
sensinK T h r  Y . ( L ) ,  Z r ( t )  and fl .lt) a r e  

detrcted From the  sect. innal p r o f i  10,s o r  r a i l s  i n  the 

v i r w  l i eEds  (I>,)and ( I j 7 ) .  as shown i n  Pig.5. Thus 
Lhe m ~ a s u r r m r n t  becomps lrec from the f l u c t ~ ~ a t i o n s  

n r  t h ~  s p n s i n ~  system. 

Tho h o l e  systnm. shomn i n  F i ~ . 6 .  comprises a sen- 

slnR system. a data p r o c ~ s s i n g  system and a t ruck .  

As known from the s y s ~ c s  c o n r l ~ u r a t i o n  ind ica ted  In 

F ~ R .  7. the sens I n R  systcn comprises a Iaser-sheet 

u n i t  and savcn ~ ~ R R P  sensor un I ts .  corresaond  in^ 
t n  t h r  f i v o  inspcct~vn v i r w s  and t*n r a i l  v i e r s  i n  
F i ~ . 2  respec t i ve ly .  

Thr Insrr-shwL u n ~ t  i s  ~ s u i p w d  w i t h  a con l lnu -  
ons h i d - p n w n r  Insrr  diode( S p ~ c t r a  Diode Labs; 3 W. 
8 OOnn). c o l  l imat inp: optir .s nnd a canc m i r r o r  11eId 
with II c y l  ~ n d r ~ c a l  mrntlow. A 360' spread I nse r -  

s h ~ n t .  sr?nt ol i t  from llir uniL. c n n t ~ n u n ~ i s l y  i r r a d i -  
atrs the seven v iew r i ~ l d s  shorn i n  Fig. 2. 

Each IrnaRe srnsor u n i t .  for Lhe f i v e  i nspec t ion  
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Fig.8 Block Diagram o f  t h e  Image Processor 

T a b l e . 1  3-0 Dev ia t i ons  of t he  C a l i b r a t e d  Data 
from Real Valves  i n  f ou r  tyDes  o f  v i e w s  
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v ie rs ,  con ta ins  two CCD inaxe sonsors w i t h  A.V.D op- 

Lice. i n  o rde r  to  T P ~ ~ C L  t he  f tuo rescen t  lamp ImaRes. 

One of Lhela d e t a r t s  t h p  E a s v r - s ~ c t i o n i n p l  images. to-  

gether r i  t h  unwanted f Iuo rescen t  lamp ima~cs. The 
other detects only Lhe FIuorescent lamp i m a ~ ~ s .  

The inam p r o c ~ s s i n ~  system I S  s e t  up In a con- 
t r o l  room and composed o r  seven image processors and 

a data processor. hs can be seen from the  sensing 

~ n d  process in^ b lock  diagram shorn i n  Pig.8. the 

image s u b t r s c t n r s  rp.ject the f Iuorecent  lamp i m a ~ e s  
and the  s d g ~  d ~ t ~ r t o r s  d e t e c t  t h r  l a s e r - s e c t i o n a l  

p r o f  i l es  i n  a speed o f  Ifi.7msec a v ideo f ~ e l d .  The 
c o r r e c t i o n  o r  dynamic errors ars performed by the 

data processor. 
A 4 ton c ~ p a c i  t y  t r u c k  c a r r l p s  the system desc- 

r i b e d  above and runs on both r a ~ l r a y s  and conven- 
t iona l roads. 

Static E r r o r s  : A s l a t  i c  error i s  c h i n r l y  caused 

by a a lmanF sensor r cso lu l i on .  @ c a l i b r a t i o n  
errors of t e s t  pins. @l IlmagP d i s t o r t ~ o n  of  H.V.D. 

o p t i c s  and (;il Pr ro ra  nf ( T . rn. O 1 used i n  formulae 

( I  Iand(2). The c a l  i h r a t i o n  mrntioned above c o r r o c t s  

the  sysLcmatic c r r o r s  nS @and m. h u t  cannot ro.lect 
t he  random e r r o r s  o f  O a n d  0. 

The nhnve random P r r o r x  cause s t a t i s l i c k 1  d i sper -  
s ions  o f  the d i f r c r c n c c s  o r  c ~ l  ihrat~d d n t a ( v  ,. v .) 

Fron the r e a l  vaEurs I U  ., Y . I .  The 3 - o s t n t i s t i -  
cal d e v i a t i o n s  oF(u:u.). obtarncd Tor about f i r t y  

t e s t  p i n s  ~ a c h  VIPW. are I i s t e d  r n Talrle. 1 *I t h  them 

o f  ( y . - y . I .  Thc values a r e  reasonably c l osc t o  a 
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F i g . 9  Measurement Resu l ts  o f  L inear  Target  

Located a t  ong the  Construct  ion Gauge 

CCD sensor resolution 1 6  pm. A variation of the 
value for each view is considered to be caused by 
calibration errors of test pins(above 0).  

In order to practically estimate the validity of 
the calibration. linear targets were measured. The 
linear target is furnished with a 2m long linear 
test face and located along the boundary of the con- 
struction gauge in each view. Fig.9 shows the re- 
sults in the views of ( A ) .  (B)and(C) respectively. 
The 3 - o dispersion of (y .- y .) was below 5 mm in 
each view. as listed in Table.1. although the dis- 
persion became near l O m n  in cases of inside and 
outside end of each view. These values are consid- 
ered to contain all randon errors missed at the cal- 
ibration. Thus, it can be concluded that the cali- 
bration was succesfully performed and the static 
errors for judgement of inversion are reduced to 
below 5 mm. 

Dynamic Errors : The image sensors for the view 
(D ,)and (D z )  are equipped with conventional tele- 
photo imaging lenses and detect laser-sectional pro- 
files of rails in a high resolution of about 0.4mm. 
Therefore, from the eq. (l)and(2), the resolutions of 
dynamic displacement become AY d = 0.4mm. A Z d = 0.6mm. 

The resolution of dynamic rolling angle can be 
estimated to beAB.=2.AZ/D=0.9mrad. Here, 
D=1067mm is the distance between rails. The most 
significant effect from the rolling fluctuation is 
the errors of Y-value. The magnification of the 
error is denoted by AY,= A0 :Z and estimated to 
5 mm at a point of Z =5.3m high. where range error 
becomes largest. So. it can be said that a resolu- 
tion of the dynamic error calibration is below 5mm. 

Field Test: The in-motion measurements was per- 
formed for facilities on the Chuo Line at running 
speeds up to 4 Okm/h. Fig. 10 shows a graphic output 
on a CRT monitor of the data processor. A tunnel 
profile data is indicated with the construction 
gauge. A portion. sticking out into the inside of 
the tunnel at the top of the curve. indicates a rail- 
way contact wire. The curve is broken in the bottom 
areas because the faces of the tunnel are out of the 

F i g . 1 0  
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views (C). The view width is contracted there in 
order to measure the platform profiles in higher 
resolution than tunnels. 

C O N C L U S I O N S  

The authors developed a in-motion obstacle- 
detecting system for railway surroundings based 
on an advanced laser-sectioning method. The system 
obtaines several advantages for use in practical 
railway inspection along the above mentioned guide- 
1 ines. Moreover, it was confirmed that the static 
accuracy for the inspection is better than 5mm and 
the resolution of the dynamic error correction is 
better than 5 mm. 
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