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Noncontact visual three-dimensional ranging devices 

T a k e o  Kanade,  Haruhiko A s a d a  
Robotics Institute, Carnegie-Mellon University, Pit tsburgh, Pennsylvania 1521 3 

1. Introduction 
For robotics applications. scn.;ing of thrcc-dirncnsional range 

infomi.ttion of the objcct rclati\ c to tlic manipulator is vcr). important. 

ILtngc scn5ing c'in include di\t.incc, siirfxc oricntauon, surface 

curiaturc. ;ind cicn wrfacc propcrtics. llangc sensing is still a slow and 

ciistl! proccss. 'l'hc h.iw principle\ LiI  optical range-wising arc: passive 

illumination and trimpiil.ition (sterco [ 3 ] ) :  actiic illuinin~tion and 

~ricingiiI~iri~in (c.g. b.ir-or-light [h] [I]): a i d  timc of f l i ~ h t  [SI. 

I'his piper describes tire types of 3-D rangins dcviccs for robotic 

appltc,iritins. h s c d  on nctiic illumin:ition and triangulation, which are 
Iving dc\clopcd <I[ C,irncgic-%lcllon Li i l i i  crsit!. One i\  3 lascr wniiing 

 ingi gin^ dci ice fiir nicdiu~n-r;int,c ( 5 k m ) .  and the orhcr is a proximity 

rnnfc \cn\or for rhort rmgc 15 cm). 1 he fcmrcs of  the deiiccs arc that 

both u\c mi11(i? drc;i pci\ittciii wn'ror chip.; and that they pro\ idc siniplc, 

fa5r. ;icciii-;i~c. non-cont.ict i isu.iI .;cii\ing of rangc inL~mmation, 

I ,  I he spot posititin dctcctor IS placed ;it it diSklllCC of ,thotit 50 cm 

from the ohjcct. It consists of optics (:!ctit;ill! ;I nion(i1cns camera), a 

position sensor chip mountcd at the film pldiic of the cmcra,  and a 

simple circuit. 'Thc position sensor chip is ;I photo .;cnsitiic plsnar PIN 

diode [2 ] .  Unlike a lidicon camera or a CCI) arra). i t  is ;in analog area 

sensor (no scanning). With simple calculation. ou tp i i t  currcnts to its four 

clcctrodcs dircctl! tell tlic pcisition of ;in intensity spot projcctcd on a 

scnsi;i\c field of thc chip. N'c usc an 1 . S - 1  1/23 [ t i  control thc dcLicc: it 

controls the anglcs of the mil-ron and rciids in tlic output  of the position 

sciisor after digitization. 

2.2. Pr inc ip l e s  a n d  Design C o n s i d e r a t i o n s  

'l'riangulation 

' lhc  principles arc hasic trimgu1;ition. Refer to I'igurc I .  ' I  hc lascr 

heam is rcflcctcd by the two (x  and J )  orthogcin,il inirrors and can hc 

oricntcd to an arhiuar) direction it1 thc 3-11 sp;icc. I'lie anglcs are 

controllcd by tlic computer program. The h c r  h e m  hits the wfacc  of 

thc cihject and a hrifiht spot is ohzcr\cd. 'l'hc spot is scmcd by the spot 

po.;ition dctcctor. ' I  he dircction of thc c n i i r t i i i ~  hc,iin I F  ctinrrollcd, and 

tlic dircxion of  the iicu l i i i z  i \  dctcctcd. 'l'hus H C  c.111 Jctcrminc thc 

obtect 

2. Scanning Laser Ranging Device for Medium 
Range 

2.1.  Configurat ion 

I-'igur-c I shcr\r\ ,I d icn i : i t i c  diagrmi of the dciicc H C  arc building. 

I t  hci\icJl! c c m i s t s  of: ;I l a w .  3 p;lir of rot.ttion mirrors: m d  a spot 

posincin dc~cctotr 'l'lic h c r  I\ :I 15 nib' tic-he Liwr with ;I hcam of 1.1 

min dimctcr  'ind 1.0 n i i l l ~ r d ~ ~ i n  dt\cr:cticc angle. 'l'lic p i r  of tiny 

pos1110n sensor 
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position of the spot in 3-Dspace. 

Position Seiisor Chip and Circuit 

Figurc 2 shows (a) a schcrnatic diagram. and (b) a simplified 

cquivalcnt circuit of thc position scnsor chip. Conceptually it is two 

layers of homogcncous rcsistance network. A currcnt sourcc I, emerges 

at thc positioii whcrc a spot of light is projected. Iinaginc that a spot light 

cxists at (x.y). 0 ~ ~ ~ 1 .  O<y_<l ,  on die chip and that the outer circuit is 

closed w i t h  balanccd load rcsistanccs R,,, as shown in Figure 2(b). The 

ctirrcnts Ix,. Ix,. 14, and I arc thcn given: 
> 2  

" r x + r ( l - ~ ) + 2 l 1 ~  r+2Ro lo 
rx+Ro rx+R I =  I =-----Q. 

r(l - x)+ 11, 

r(1- y)+ R 
I =  
1' r+2Ro Q I o  

I'hu whcn wc compute 

'lhcvalucs X and 1' gitc thc po\itlon of the spot (x.,) in thc ficld of kiew. 

Acttiall) thc load rcsistancc R, is rcaliicd ds a current-to-.voltage 

con\crtcr. sho\rn in  Figurc 3.  'l'hc tnluc of thc fccdback rcsistance R, 

dcterinincj the conicrsion f;ictor I l=Vou , / lLn .  I t  also rclatcs to the 

cqtii\alcnt input rc\i\tiincc of the circuit (lo;id rcsimncc to thc chip) 

K O =  llb/A. whcrc A is thc opcn loop gntii of thc opcr'itional amp. Notice 

froin cqu,itioii ( 2 )  rlwt I$, should be srnLill cnough comparcd to the 

r c ~ i w i c c  of  L11c chip for m u r a t c  inc;i\iircnicnt. Al.;o, a smallcr 11, gives 

a fiistcr rcjponse time. 

In our \ct up.  wc i i x  a IS mU' laser ;15 n li_rht sourcc. and rcturn of 

1igl1t is scnscd at  a 5Ocm range. Tlic opcnin_r of thc Icns is 1.4 cin radius. 

'Ihus. iissuming uniform rcflccrion o w r  i i  half hcmisphcrc and a white 

(high rcflcctii it!) olijcct s u r f m .  Lhc amount of rccci\cd intcnsity can be 

csrirnatcd as 

This amount I\ larger th;in thc niinimum intenzit) (-2 pW) 

required for t h i s  chip to opcr,itc. ' Ihis intc i ) \ i i )  w i l l  gcncraic current (Id 

Electrode Y, 

Figure 2: Analog position scnsor chip 121 

of about 20-40 PA. The R, was sct 100KQ: we I~LIVC 2-4 \'p-p signal at 

the output. 7'hc opcn loop gain /Z of our opcrattoiicil amp is 100dR: the 

cquivalcnt input rcsistance R, is 1O.'a. Wc cnii cspcct thc rise rime of 

the rcsponsc signal to bc less than 10 psec. 

2.3. Features 

Simplicity 

Unlikc the case of using a \idicon or CCI) cancra. *c do not nccd 

I O  scan thc ficld of view. nor do w e  nccd 211) sophi\rii;itcd data 

prcmssing capability. such as ;in algorithm for spot dctcction i n  ; in  image. 

I;igurc 3: Currcnt-io-\oltigc con\ crtcr 
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Speed. Random Scan and kcurscy 

As sccn from thc ahoic  dcscription of opcrarion. the c )ck  time for 

Oic nicasiircnicnt of onc point is from directing the lascr bcnm to 

dctccting thc location of the spot. I t  sccins h a t  thc scnsor chip wc are 

using can safcl) opcr'itc uitliin 100 pscc-200 pscc for a point. or. 10.000 

to 5.000 point.;/scc. In this rcg'ird. ice can scc the ,idvanragc of using the 

puvtion sensol- chip o ic r  a 'I.\' caincra. 'l'hc lattcr sc;ms tlic ficld of vicw 

to dctcct onc \pot in i t .  which t.ikcs 1/30 SCC. Onc can usc thc bar-of-light 

mctliod [h]. so t ha t  onc nicLiwi-cnicnt foi- c x h  'I'Y $can linc cdn bc done 

during onc frmic: thcn. as\urning 250 lincs in onc frdmc. up to 7,500 

points/scc. can bc winplcd (but. this nceds special hxdwarc which 

dctcct.; tlic position of light in cach scm linc at a video rate.) 

This dc\ icc can provide random-scanning capability for range 

scnsing. ' l h c  limiting factor. howcvcr. is the rotation of the mirror, 

bccausc wc usc clcctro-mccIi,inical galvanomctcrs. Faster scanning 

de\ iccs or tipto-ncoujtic dcviccs for dcflcction arc availablc. We have not 

chcckcd oiit the accuracy yet, but wc cxpcct a rcsolution of 1000 lines 

across thc chip. 

Inscnsiti\ity to Ihforus 

'l'hc output of thc malog scnsor chip essentially tclls the gravity 

ccntcr of intcn5it). I'his incans that c i c n  if the spot imagc is blurrcd, the 

outpii t  of thc chip doc\ nor \ a r y  much. 'fhc rangc mcasurcincnt is thus 
rclati\cly inscnsitiic to dcfocw, uhich IS an important fcature. 

'l'his fcaturc is alw uscful to cope with dcfomiation of spot shape 

duc to sur fkc  oricnt;itions. Whcn ilic lascr bcam hits a slmtcd surface, 

thc rcflcctcd <pot is of  :in clongxcd elliptical shape. Ilctccting thc ccnter 

position of an  cllrpticdl \pot 15 no t  rrl\ial whcn using d I \' carncra. but 

this chip pcrforms tha t  t,i\k intrin\iciill>. duc to its physical characteristics. 

'l'hc totirl ciirrcnt I, in thc cqu,irion (17) pro\itlcs the possibility of 

mc,tsuring thc wrf.jcc rcllcctii i t )  for certain cla~scs of curfaccs. Sincc we 

havc ;I singlc light soiircc ( ' 1  l aw) .  the \ d u e  I is proportional to tJic spot 

intcn\it! : i.c.. thc miount of light irhich is rcflcctcd ,it thc surfacc and 

rcxhcs io thc scnwr. I n  tlic wnplcht c.i\c in uhich thc objcct sur fxe  is 

l.amhcrti,iii. it  is proportional to thc rcflcctii it! ( p )  niultiplicd by the 

cosine of thc incident . i i i ~ l c  of light ( 8 ) .  Scc 1-igurc 4. 'fliat is, 

0 

I, a pcot8. (3) 
Yoticc rh.it \vc c;in conipiitc c o d .  B i \  Uic mglc hctirccn thc local 

stirf.tcc norin.iI . ~ n d  ihc Iisht: the loc.il s u r f m  noi-iiistl c m  he ohtaincd 

froin thc mc.i\iircd I - , I I I ~ L ~  ~,ILI, ,ind t h c  dii-ccirori of thc I.wr hcan  IS 

L n c ~  11. ' I  licrcfiirc. tlic rc(lc.cti\ II! '11 c.ich poiiit of thc surf.icc c,in be 

ohtclincd h! p = l O / i ~ i \ B .  1 h i \  1iic,in\ that dii \  dcocc c m  pro\idc not 

Figure 4: Rcflcctivit) mcasurcment 

only measurement of thc object shape h u t  aljo Uic intrinsic brightness 

(rcflccdvity) pattcrn of thc Ianbcrtian ohjcct surface. 

3. Noncontact Visual Proximity Sensing Device 

3.1. Configuration 

We arc also deicloping a triangiilation-b;itcd iisual proximity 

scnsor which uses 1.El)s and thc samc t!pc o f  position scnsor chips. The 

basic configuration is shown in Figurc 5. 'lhc dclicc consists of a sct of 

light sourccs and a spot position dctcctor. ,\ set of light sourccs are 
placcd certain gcomctrical arrangcmcnt. In thc protonpc dc\ icc we have 

constructcd. six infrared I . l l>s  arc placcd circular ring. 60' apart. so that 

thcy form a cone of rays. I n  othcr words, thcy arc placcd i n  n circularly 

around the optical axis so that their rags con\crgc a t  a point on the 

camera-1cns axis (the conc axis). l h c  con\crging point (tip of the conc) is 
sct at thc middle point of thc ranpc of intcrcst in front of thc dc\icc. F x h  

0 

spot posjtion detector 

& lens 

infrared 

LED 

Figure 5: Con figtiration of a proxiinit! ranflnp dccice 
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LED can hc tiirncd on and off indcpcndcntlq. A spot-position dctcctor' 

dctccts the 1oc;itiiin of a spot in  rhc field of bicw. It USCS cxactly rhc same 
position scnsor chip and thc circuit as the laser scannrng ranging dcvicc in 

thc prcvious scction. 

3.2. Operation 

Distance Xleawrcmcnt 

Suppose h i t  the ohjcctivc surface is uitliin the mcasurcmcnt range 

of the dc\rcc. Each 1.F.11 is turned on and off scqucntiall!, one at  a time, 

so that no more thiin onc is projcctcd on tlic surface at tlic same time. 

'lhcrcforc t l ie location of thc spot is casil) dctcctcd as Uic ccntcr of 

intcn5ity in thc rmiigc. Sincc thc direction of the cmitting ray and thc line 

o f  the vicb to rhc rcflcctcd spot arc both known at cach timc. the 3- 

dirnen~ional position of thc spot (i.c.. a point on thc surfacc) can be 

calculiitcd by the principlc of tri;ingulation. 

rhat the infonnation. such as distance and oricntation of Chc surface, can 
be extracted in a inwt reliable way. Introduction and cuploitation of the 

rcdundancy is an csscntial advanragc of rhis dciicc oicr 3 dcticc which 

uses a singlc light soiircc and a onc-dimcn~ion:iI sensor. such as 14). We 

will cxpliiin thc basic idea hi  referring to Figure 6. Im:iginc tlic casc in 

which the surface is pcrpcndicular to rhc camcra-lcn> ;tyis.  If thc surface 

is just at tlic convcrtine point (case n). Uic im:i_rc prtijccicd h >  rhc cone of 

tlic rays from the 1.F.l)~ will hc a point. If rhc wrfacc rcccdcs beyond 

(casc C) or advanccs in front of (case .A) the con\crgiiig point. thc image 

H i l l  bc a circle: its radius is proportioii~l to the d imncc  of thc surface 

from thc conLcrging point. Actiiall!. r;ithcr t h ~ n  lightin: all thc I.F.l>s 

simultancously, we light thein onc by onc to route the i-,jys in the cone. 

l'hcn thc iinagc points will rotate in tlic siinic ph,w if thc surfacc is closer 

than the convcrging point (casc A), and in thc pli.isc shifted by 180'. 

othcrwisc (casc C) .  Furthcr. if the surface is slanted rcl;iti\c ro the ax is  of 

the carncra-lcns(casc I)). thc irnagc \ r i l l  bc a n  cllipsc %how principal axcs 

give thc oricntation ofthc slant (case I)). 

Surfarc Oricntation hlcacurcmcnt 
3.3. Design Considerations 

'lhis proximity scnsing dc\icc. howetcr, can do rnorc than simple 

distmcc mcasurcmcnt. I t  can cxploit thc fact tliat it hiis rcdtindant 

multiplc light sourccs. They can bc turned on in a particular order, so 

/r/ CASEA 

CASE E 

CASE C 

3 2  

Figurr 6: f'rinciplc of surf'icc-orientation mcasurcmcnt 

Inkircd IXDs 

The position scnsor chip is mmt s e n ~ i t r a ~  ill tlic infr;ircd rangc (800- 
1000 nm). Wc usc infrarcd 1.F.l)~ \$ho>c Y J \ C  Icngth of pc.ik cini.;sion is 

940 nni. Sincc wc turn them on inrcrmitrcntl). Ihc I 1'1)s can he pttlrcd 

and oicrdritcn to givc highcr intensit!. tIiu> rcsultir~g in hcttcr S/N. 

Gcomctry 

1x1 us discuss how we can dc5ign thc gctmictr) of  tlic dcvicc. As 

shown in I- igrc 7. Ict LIS think ahour :I pliinc which rnd~iJc \  the optical 

axis and dii I .E l ) .  'l;ikc thc x - I  coordiniitc axes ;IS ~ho \$n .  1 . l~ . l~s  are 

pl'iccd on it planc pcrpcndicuhr io thc axis. 'llicir i',i>\ point to (0.d) o n  

tlic 7-axis. B dcnotcs thc mglc t h d  the l.l.:l) hc.un ni.i!ics w i t h  the I axis. 

Supposc that the npticA system ic Jcsigncd 50 &,it thc planc / = d  
throtr_eh thc contcrging point is at rhc bcst hxus iind ihiit tlic planc is 

imagcd on the scnsnr chip with ii magnificatioii fdcior hl .  'Io iiiodcl this 
imaging gcomctrq wc can imaginc tlic scnsor chip is ;it I = -  hld. Then a 

spot iit (x.z) gcncratcs its imagc on thc sensor at xm, 

X 
x =-Md 
, z  

Thc cquation of a bcam is, 
?= ( d u n 8  - x)cot8 

(4) 

Sincc Oic spot is on the hcani. u c  obtain f ro~n (4 )  ,ind ( 5 )  Ihc depth ( I )  as 

a function of rhc spot image location (x,). 

d 

1 + xm/Mdtant9 
I =  
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lhc scnsiti\.ity of the depth mc;lcurcmcnt can be cialuatcd by the 

amount of changc in xm due to , I  changc in I From (6),  

S is scnsiti\rt) at / = d .  'llie largcr thc S is. the morc sensitive the 

mcdsurcmcnt. Xmir~i l l~,  a< (7)  s1iov.s. h c  largcr magnification and the 

morc slantcd beam gi i  c a grc:itcr sensitivity. 

Wc can mcasurc a rangc of dcpth from 7 ,  to f 2 .  uhich corrcspond 

to rlic c'iscs that spot imager arc i i t  the cdpc of Uic ctfccdic sensor field, 

i.c. x =I. and xm =- I.. The maximum mcasurablc rangc I> is given as, ni 

2(I./S) 
(8) D = /  - - %  - ' I -  l-(l./Sd)' 

Usunll!. in  designing chi\ dwicc, d (depth of intcrcst) is given. M 
fm'rgnification) and 6 fhcam anglc) are dcrign \:iri:ihlcs that have to be 

dctcrinincd. The  tr.ldc-off' in dctcrmiiiing hl ;tiid 6 is hctwccn D 

fmc.rwrJblc rangc of depth) dnd S (wisiti\ity). 'l'lic largcr M and 19 we 

choose. \ce have thc I;lrgcr S h u t  srn,illcr 1). and \icc icrsa. Practically. 

howmcr. 11 ciin not bc too hrgc. becaiisc it has to be within a range of 

rcasonablc focus and disttrrtion duc t o  Icns. 8 alw should not be too 

largc, bccmsc. i f  so. the amoun[ of rcturn light tends to be wry small. 

In Uic protnt!pe dckicc we ha\c conctnlctcd, we have choscn the 

following values: 

dcpth of intcrcst: d =4Smm 
chip s ix:  21-=8mm 
magnification: M =  1 

inax. dcpth rangc: 
hcarn anglc: 8=4S0 

scnsitii ity: S = l  
I > =  16 mm (usable rangc = IOrnm) 

3.4. Features 

Simplicity 

' lhc scnwr head of the device consists of  only I.F.:Ds, simple optics, 

and a posi~ion scnsor chip. 'l'hc prototype dci icc wighs only 55g. 

Spccd and .Itcuracy 

y - 2 L - 3  

D 

X 

Figure 7: Geoinetry of distance mca~urcment 

rcdundancy in thc LED configuration.'or by piilsing thc I.EDs and 

avcraging rcsults. 

Rcflrrthity hlcasureincnt 

?his dcvicc also hac thc zapahility of measuring thc rcflccti\ity by 

thc smic principle as in  Uic scanning lascr rmping dc\  ICC. We c.in cxpcct 

better S/N and a hrgcr dynamic rangc in riiis C'ISC. Onc x i s o n  for this is 

[hat the inrcnsity ofrcturn of light is highcr bccausc the ol)jecti\c surface 

is closcr. 'llit. other rcmm Is t h t  whcn u c  at txh  this scnwr to the end 

cffcctor of R robot arm. wc can control the ann (u\in: thc niccisurcmcnt 

b) this dcvicc) so that the scnsor's axis is pcrpcndicul,ir to  the ohjcctivc 

stirfacc in which casc h e  mcdsuremcnt is most accurate. 

What wc ha\c prcccnrcd here is thc \ c n  basic idca. Various 

modifications can he dc\i:iicd For dc\iccs fiu p,irticulJr applications. 

One possiblc c l i a n y  is the arran~_cmcnr of rlic I Fl>s. For cxniiiple. h e  

prc\cnt de\ icc has a circular ai-rangclncnt of 1 .Hh. . h i \ ,  houcver. is 
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incapable of measuring surface curvature. bccausc surfaces with opposite 

signs of thc sccond dcrivativc at thc optical axis will give the same Acknowledgments 
mcasurcmcnts. To mcasurc cunaturc. double circular rings of LEDs with Mark Friedman, Mark Kiclcr and Kcrin Ilowling provided 

closcr and farther converging points will work. Also. for thc purpose of valuable hclp in dcvcloping the dcviccs. This rcscarch was supportcd by 

uacing cdgcs. arrangcmcnt of I k D s  in two parallel lines will bc suitable. Wcstinghouse Corporation under a grant to the Robotics Institute at 

CMU. 
Anothcr possiblc variation is the order of lighting thc I.EDs. 

Imagine thc casc that thc object moves relative to the sensor. Depending 

on the dircction and spccd of thc motion, wc can program and control the 

most suitable ordcr of lighting to have the best results. 

4. Conclusion 
Ilcsign and dcvclopmcnt of two types of ranging devices have been 

prcscntcd: one is for SO cm rangc and the othcr for 5 cm range. Both use 

the samc typc of analog position scnsor chips to detcct spot locations. 

Thcy have fcaturcs of simplicity. spccd. and measurcmcnt of rangc and 

reflectivity. Prototypes of both dcviccs have been constructcd. We are 
collccting data to cvaluate their pcrformance. 

'lhcsc dcviccs arc useful for various robotic applications. The first 

applications we arc working on arc mcasurcment of object shape dsing 

the laser scanning ranging dciicc. and trace of surfacc by a robot arm, 

kceping the samc attitudc by wing the proximity sensor. 
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