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Abstract

This paper ackiresses the problem of refectivg uwerference due 1o
secowdary speciiar reflections, cross-talk and other mechamisme In
P active oht stripe scavner for robotic applications. Comentiongy
scamning methods control the erviromment to erswre the Brishtness
af the siripe exceeds thar o all otker foatumes. However TS asiump-
nion s Rkelv to be wiplaed for a mobot operating in av wncortmolied
crviromment Robust soooing methods already exist, bur syffer from
probiems Feludig assumed soevne SIPLCTURE, acquisition delay, lack
af error recovery, and ncorrect modeling of MeaEurement Roise.
e propose a rodust technigue R overcomss these problems, wus-
g o comeres and baowledse gf the lighe plane orieriaion fo
dizambirwme the privuey reflection flom SPUFTOUS MHEQTLPETHERTS.
Unlike other robust fecioiques, our vaiidarion and reconsiruction
algoriim: are opithal Witk respect Io sernsor nose. Furthermore,
W Proposs a procedurs fo callbrme the SVsliem LEirE Measurenens
of o arbitrary nov-plasar fargel, providing robust valication tade-
pendently of rameing accuracy. Finally owr robust feciodgques allow
e sevsor o operdle i ambienr mdoor okt allowmg color and
g fo be fmplicinly registemed An experimenial soamer demor-
stremes the gffectivensss gf the propoced tecimiques. Source code and
seevple dara are provided e the muliiwedio extensions.

EEY WORDS—depth parcephon, hight stnpe, actrve sterec,
specular reflactions, robustness, cahbration, mterference re-
jection, optimal reconstruction, color registration

l. Introduction

Light strnipe ranzing 1= an actrve, fnangulation-based tech-
mque for non-contact surface measurement that has been stud-
1ed for several decades (Shirai and Swwa 1971; Asm and Bin-
ford 1973). By projecting a known feature onto the measured
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surface, actre scanners provide a more robust solution to the
measurement problem than passree rangms techniques. Fa-
views of light stripe scammine and related range senzing meth-
ods can be found m Hebert {20007, Bastuscheck {198%), and
Besl (1988). Fange sensing 15 an maportant component of
many robotic apphcations, and heght sinpe ransmg has been
apphead to a vanety of robotic tasks meluding naization Nv-
gards, Hoestrom, and Wemersson 2000; Aldon and LaBns
1994, obstacle detachion (Haverinen and Romng 1998), ob-
Ject recogmition for graspimg (Alshaish and Allen 1995 Eao
et al. 1989, and +1sual servoing (Khadraowm et al. 1996).

The drawback of comvenfional single-camera hight stripe
range sensors 1s that favorable hghting condihons and sur-
face reflectance properties are raquured, zo that the stripe can
be 1dentified as the brightest feature 1n the caphurad 1mage.
However, the range sensor presented mn this paper 15 intended
for uze on a humanoid robet operating 1 an imcontrolled do-
meshc amronment ( [avler and Kleeman 2001, 2002). Un-
der these conditons, vanous noize mechame=ms mterfere with
the sensor to defeat commrentional stnipe detection techmgues:
smocth surfaces canse secondary reflections. edses and tex-
fures may have a stnpe-hks appearance, and cross-talk can
ansze when multple robotz scan the same emronment. The
motivation for this work was to develop a robust heht stnpe
senzor smtabls for operation m these noisy conditions.

A mumber of techniques for improving the robustness of
light stripe scanners have been proposed m other work, us-
e both steren and smele-camera confimmrations. Mages
Wenizer, and Franke {1994) develop a scammer for mdustnal
mspection wsIng sterec measurements of a smele stnpe. Spu-
rious reflections are eliminated by combinng sterac fields via
a mumrmmm intensity operation. This techmque depends hear-
ily on user mbervention and a pnion knowladse of the scanned
tarzet. Trucco and Fisher (1994) also use stereo cameras to
measure a laser stnpe, and traat the system as two mdependent
single-camera sanzors. Eobustmess 13 achieved by imposing a
number of consistency checks to vahidate the ranse data, the
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most sismhcant of which requires mdependent smgle-camera
reconstructions to agres within a threshold distance. Ancther
constraint raquires valid scanlines fo contan only 2 smgle
stripe candidate, but a method for ermror recovery in the caze
of multiple candidates 1z not proposed. Thus, secondary re-
flechions cause both the true and no1sy measurements to be
rejectad.

Makano, Watanabe and Kanno (1988) develop a simlar
method fo reject falze data by requinng consensus between
mdapendent scanmers, but usms two laser stripes and only a
smgzle camera In addihon to robust ranzine, this confisura-
tion provides direct measurement of the surface normal. The
disadvantaze of this approach 1= that each 1mage only recow-
ers 2 zingle range pomt at the intersection of the two strnipes,
resulting m a sizmficant acqusthon delay for the complets
ImIEES.

Othear robust scanmng techniques have been proposad us-
mg simgle-camera, zingle-stripe confisurations. Nygards and
Wemerzzon (1594) 1dentify specular reflections by moving
the scanner relatrre to the scene and analyzmg the mobion of
reconstructed range data. In Haverninen and Rénms (1998),
pericdic mtensity modulation distimemshes the stnpe from
random noize. Both of these methods require data to be as-
sociated between multiple mages, which 1= prone to amror.
Furthermors, mtanaity modulabion does not disambiguate sac-
ondary reflachons, which varnv m umson with the troe stripe.
Altematrvely, Clark, Truceco, and Cheung (1995) uss hinearky
pelanzed hight to reject secondary reflechons from metallic
surfaces, based onthe cheerahon that polanzed heht changes
phaze wath each specular reflachon. However, the complicated
acquisition process requires multple measurements throush
different polarnzing filtars,

Unlike the above robust techmiques, the method propozed
m thizs paper umiformly rejects mterfarence due to secondary
refiections, cross-talk, backeround feafures, and other noize
mechanims. The proposed algonthm solves the associzhion
problem to allowr the true sinpe to be disambizuated from a
set of noisy candidates. Thus, our method offers a sigmficant
mprovement over previous techmaues for error detection, by
providing both noise rejection and recovery of valid measure-
ments. The depth datz reconstructed by our sterec scanner 1=
optmal with respect to zenzor noize (unliks the stereo tech-
niques m MNakano, Watanabe, and Kammo 19538 and Trucco and
Fizher 1594). and fuzes stereo measurements wath the hight
plane parameters. Thus, our sensor provides greater precizion
than a single-camera configuration, as demonstrated expan-
mentally. Furthermore, we develop an mmage-bazad calibra-
tion procedure using a scan of a non-planar but otharvass ar-
bitrary surface. Cur calibration procedure provides robust val-
1dation independantly of ranzing accuracy. Finally, the abality
of our sensor to operate 1n ambient mdoor hight allows surface
color and range to be captured mn the szame cameras. Smeathe
mtended applicahion 15 to support object modehing and track-
mg (Taylor and Kleeman 2001), thus implheot regstration of
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Fig. 1. Stereoscopic light stnpe scanmner hardware.

color and range 1= haghly desirable. The system descenbed
this work was first proposed 1n Tavlor, Kleeman, and Wemers-
son [ 2002}, and 1= extended here by providmgs a more ngorous
treatment with respect to measurament nose.

In the following sechon we bnefly descnibe the hardware
and operation of our sterec stnpe scamner. In Section 3 we
develop the thecretieal framework for optimal noize rejechion
and reconstruchion. Image-hased calibration of the system 15
descnibed 1 Section 4. Implementation detauls are discussed
m Sechon 3, and m Section 6§ we present expenimental results
to compare the parformance of our system wath other stnpe
scannmg tachmques. The mulhmedia extenzsions to this paper
provide three-dimensional (30} modals of scans produced by
our sensor, alonz with source code and raw stereo mage se-
guences to demonstrate the proposed alzonthms.

2. Overview
2.1 Basic Operanon

Fizure 1 shows the components of the expermmental stersc-
scopic light stnipe scanner, which 13 mounted on a pan'tilt ac-
trve head. A vertical hight plane = generated by a laser diode
module with a cylindneal lens, and 15 scanned across a scene
by rofating the laser about 2 vertical axiz. The angle of rota-
tion 13 measured by an ophical encoder connected to the cutput
shaft via a toothed belt. PAL color cameras capture sterec 1m-
ages of the stnpe at 334 x 238 pmel (half-PAL) resohdtion.
Captured 1mages are processed to extract all poszible loca-
tions of the light stnipe on each scanlme. Scanlmes typicalkr
contzin rmltiple candidates, with the troe stripe (primary re-
ﬂer:nuu] hidden amongst spunous measurements. The true
stnpe 15 1denhfied on sach scanhme by ssarchme for the par
of stereo measurements most hikely comesponding to the pro-
jection of a 30D pomnt on the hight plane, erven the current
encoder measurament. The vahidation process 1= detalled n
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section 3. Fmally, the validated measurements are usad to
reconstruct the 3D profile of the illomimated surface.

Az the stnpe 1= scanned across the scens, the laser pro-
files are assemblad mto an array of 30 points, which 1= re-
ferred to as 2 “rangze map”. A color magze 15 captured and
registered with the range map at the completion of a scan
Caphurad frames are processed at PAL frame rate (15 Hz) on
the 2.2 GHz dual Xeon host PC. Aotor control and ophical
encoder measuraments are implamentad on a PIC mucrocon-
troller, which commumicates with the host PC 13 an B5-232
sarial link.

22 Coordinate Frames and Notaron

The following sections adopt the comvention of reprezanhng
3D pomiz m upper case, such as X, and two-dimensional (21))
points on the image plane usmg lower case, such as x, with all
vectors m homogeneous coordmates. Coordmate frames are
specified in superscript, such as *X and the homozenecus
transformation matrx ¥H, transforms points from frame A
to frame B as #X = FH,"X. Figure 2 shows the relevant co-
ordinzate frames for the experimental scanner: [, and R denote
the left and nzht camera frames, P 1= ngadly attached to the
hizht plane, and W 1s the world frame.

The cameras are modeled by the 3 x 4 projection matrices
*P and *P. which project pomts from the world frame onto
the 1mage planes according to the homogensous fransforma-
tion ~*fx = "*P¥X The cameras are arranged in a rect-
limear stereo configuration (parallel axes and coplanar image
planes), with optical centers at Cp g = (5. 0,0, 1)" {aking
the negatrve sizn for [ and positrve for K) in the world frame.
In practice, the cameras can verse about the y-zus (volating
the conditons of rechlinear sterec) but rectilinear measure-
ments are recovered by apphying “projectree rectificahion™ to
captured frames (see Hartley 1999). Thus, wathout loss of
generality, the analytical models consider only the rachihnear
arrangzement shown m Figure 2.

23 System Model

A theoretical modasl of the expenimeantal scanner 1= now devel-
oped to 1denhfy poants on the light plane. In frame P, whichis
nzidly attached to the Light plane, pomts *X on the plane may
be represented by the plane equation *Q2"*X = 0, where 0
reprasants the parameters of the light plane. Now, P 1= defined
such that the hizht plane 15 approxmately vertical and parallel
to the r-axis, which allows P2 to be expressed as

=1, B, 0, o)’ (L)

whare B, 15 related to the small anzle bebawaen the plane and
the y-zx1= (B, < 1 for an approcamately vartical plane), and
D, 15 the distance of the plane from the ongm. Dunne a scan,
frama P rofates about its y-zxs with angle 8, where 8, £
0 when the hight plane 1= parallel to the optical axes of the
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cameras. |he rotahion axs mtersects the x 7-plane ofthe world
frame at (X,.0, Z,)7, and the direction of the rotation axis
relatrve to the y-aus of the world frame 1= defined by the
small feced ansles &, and &, (see Figure I). The scan anele 8,
15 limearhy relatad to the measured optical encoder value ¢ via
two addihonal parameters m and &:

8, =me + k. (2D

Mow let "H p represent the homogeneous coordinate trans-
formation from P to W.IER, (8, ), R, (8,) and R, (8, ) represent
the homoseneous fransformations for rotahons about the x-,
¥-, and 7-axis, and T( X, 0, Z.) represents the fransformation
for translation by (X, 0, %", ¥*Hp can be expressad as

"He =T(X,.0, Z) - Re(f) - Faie) -Ry(8y).  (3)

It iz straightforward to show that if YH, iz the coordmate
transformation from P to W, the plane parameters transform
from Pto Was

" =("Hs"- "0 4
Fmally, combimng eqs. (3) and (4) and makmng the smmphfiine
assumptions 8., &, & < | to elminate msigmficant tarms,
the laser plane parameters can be expressed m the world frame
by the approxmate model

coz 8,
. sm 8, + &, cos 8, + By
—sin#,
—X,cos0, + Z, smé, + D,

'ﬂ‘a—;

(3

Now, uzing eqs. (2) and (3), points m the world frame can be
1dentifiad as comexdent wath the heht plane (srven the system
parameters and current encoder measurement) uzmg the plane
equation:

o' (&, D,, X, %,,6,,8,6)*X=0. (&)

3. Robust Stripe Scanning

3.1 Problem Statement

Az discussad earhier, the problems aszociated with hight stnipe
seannars result from ambigmty m identifiine the pnmary ra-
flachon. The following sections descnibe an optimal stratesy
to resohve this ambizutty and robusth- idantify-the stnpe m the
presence of secondary reflections, cross-talk and other sources

Fizure 3 shows a smmphified plan view of the scammner to
demonstrats the 1ssues mmolved m robust stnpe detection. The
surface at X causes a primary reflaction that 13 measured (usine
anoizy process) at "x and ®x on the stereo image planas. Honw-
ever, a secondary specular reflechon causes another sinpe to
appear at X', which 1= measured on the nght image plane at



