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Abstract

ve developed a noncontact multi-light source optical
vﬂowﬁ.\n:w“ sensor nﬂ:: can measure the mm..:_a:n? orientation,
and curvature of a surface. Beams of light are «nﬁnﬁ?nb@
focused from light emitting diodes onto a target surface. w:
analog light sensor - a planar PIN diode - localizes Mvn
position of the resultant light spot in the field of view of M
sensor. The 3-D locations of the light spots are then compute
by triangulation. The distance, orientation, and curvature of
the target surface is computed by fitting a surface to a set of

data points on the sur face. . .
* m..*m« prozimity sensor that has been built uses 18 light

-

anged in 5 conical rings. The sensor has e range
Mw.:mm«wa%ﬂwwnmm it can measure the distance of pvﬁwouﬁzilm
200 discrete points per second with a precision of .Q.~33~H9Ne
then compute surface orientation with a precision of 10°.
This sensor may be used by a robotic mantpulator to home in
on an object and to trace the object’s sur face.

1. Introduction
Noncontact proximity sensors that can measure the range and shape of a

surface have useful robotic applications such as surface inspection, seam or
edge tracking, obstacle avoidance, and homing a manipulator to an object.
The simplest devices are optical switches that detect the presence of a
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nearby surface 3], {11]. In these devices, a beam of light originating from a
light source on the sensor illuminates a surface. The closer the surface is to.
the sensor the greater the intensity of the light reaching the sensor. By
assembling the light emitter and the detector on small moving platforms the
range of this device can be continuously altered [14). However, this
technique for measuring distance is sensitive to the orientation and
reflectivity of a target surface as well as the distance of a surface. One
method that was developed to overcome this limitation uses a single maoanwon
and several light sources. Distance is measured by comparing the relative
intensities of the light reflected from a surface [13].

When light detectors sensitive to light spot position are used in a
proximity sensor, distance can be measured by triangulation.  The
measurement then does not depend on the amount of reflected light reaching
the sensor. Linear or planar CCD arrays (5], and linear or planar PIN diodes
(1], [2], [6], 9], (8], [12] have been incorporated into proximity sensors. For
example, in one application, a mirror deflects a beam of light into the field of
view of a sensor. The position of the light spot is detected by a planar PIN
diode and then correlated with the mirror position to compute distance and
eventually the shape of a weld seam [2].

The proximity sensor that we have developed is configured around a
planar PIN diode. Multiple conical arrays of light sources focus beams of
light into the center of the field of view of the sensor where the distortion
and nonlinearity of the sensor chip are smallest. The proximity sensor uses
18 light sources no:nmﬁ.amm into 5 conical arrays. The sensor has a range of
10 cm where it can measure the distance of approximately 200 discrete
points per second with a precision of 0.1 mm, and then compute surface
orientation with a precision of 1°.

This paper focuses on the design and performance of the new proximity
sensor. How well this type of sensor can measure the orientation of a target

surface depends on the number of projected light spots, and how they are
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Triangulation:

F ¢ Center of the camera lens
A Vector defining the line of sight
Ps' Location of light source
Agt Direction of light source

P The chosen result of triangulation
A : A vector along the common normal

Figure 2: Calcllation of Point Coordiuat s by Triangollllon

coordinates of a point on the line and the direction cosines of the line. In
Figure 2 light beam trajectory is defined by the light source origin
P, =(z,, 4, 2,) and the light beam direction vector A, =(a, b, ¢,). The
line of sight has an orientation A, = ?e.vo.nov that is defined by the camera
lens center P = Aue.covnov and the centroid of the spot of light P, = ?o,env
on the sensor chip. Let us denote the coordinate of the spot position we
want to locate as P = (z,y,z). In principle, the two three-dimensional lines
(the light source beam and the line of sight) should intersect at the location
of the spot on the surface. In practice, however, the two spatial lines thus
obtained only come very close due to noise and the simplified optical model
being used. We therefore determine the spot location P to be located along

the line of closest approach (i.e., along the common normal) between the two

skew lines. A set of equations from which the coordinates of the light spot
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can be calculated is found by onm?Fm that the four vectors consisting of
the baseline from the center of the camera lens to the light source *®,- P),
the light beam from the light source to the common normal T»ﬂk.v, the
common normal AA, and the line of sight from the common normal to the

center of the camera lens ml\»e»?ov sum to zero, that is,

(P —POF(4,A)+48 (-4 AQ =o0. (1)

Let the baseline have a length B and a direction specified by the onit vector
B=(P,-P )/ [P, ~ P |. Then Equation (1) can be rewritten as

BB+A A, +AA-AA =0 )]

Taking the scalar product of Equation (2) first with the direction vector of
the line of sight A, and then with the direction vector of the light beam A .

leads to a set of two simultaneous equations. Noting that A,-A=0and
A, A =0yields

AA, A,—A = —BA_B (3)

A,—AA, A = -BA B (4)

After solving for A, and A , the coordinates of the light spot can be chosen
to be on the light beam or on the line of sight, or at any point along the
common normal. Since the output of the sensor chip is subject to noise, and
the position and orientation of each beam of light are stable quantities, we

choose the computed coordinates of a light spot to lie on the light beam.
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Let us first exaluioe the case wh e e the plane

z = Gzt Hy+l (13)

is fit to a set of data points. Here we have set ay = G, a, = H, a; = I,
X, =z, X, =1y, and X, =1 in Equation (5). The local surface normal is
N = (G, H, —1). Since all of the measured points on a surface are at about
the same distance from the sensor in any one measurement cycle, the total
uncertainty o; can be taken as a constant o for all of the data points. More
accurately, since the uncertainty in the location of a light spot depends on
where it is in the field of view and the intensity of the measured light, o is
considered an upper limit on the uncertainty in the location of a light spot.

The curvature matrix for this case is

it Lzy. Xz,

H 1} —Nn 1
o= Q|w Zzy, Zy°, Dy, (14)

- Lz, Ly, n
In many applications the proximity sensor will be used to maintain an
orientation normal to a surface. The light sources can be arranged
symmetrically so that the resulting spots of light on a flat surface facing the

sensor perpendicularly satisfy the condition

H.R."M.c."hn.c.uho hmmv

that is, the a matrix is diagonal. The uncertainties in the coefficients of

Equation (13) are then simply

C Vi Z h;v

BT VEE ")

,\hn. (18)

The angle between the optical axis of the proximity sensor and the surface

normal is ¢ = tan ~1VG2+H2 The uncertainty in the angular orientation

of a surface perpendicular to the sensor can be estimated by

n n n
QsMQQ+e.m. (19)
Equations (16) through (19) relate the uncertainty in the measured position
and orientation of a surface with the number of data points, the uncertainty

in their measurement, and their distribution on the surface.

2.4. Normal Curvature
To compute the curvature of a surface and to compute a more accurate
value for the distance of a curved target surface from the proximity sensor,

the second order equation

z = Az%+ Bzy+Cy*+ Dz 4+ Ey+F (20)

of a surface is fit to the set of data points. The curvature of the target
surface can be computed at any point from the coefficients of this B:w:on.
In particular, the normal curvature, « n» and the principal normal
curvatures, Ky and K, can be computed where the surface intersects the axis
of the sensor,

Figure 3 shows the proximity sensor over a target surface. The projected
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£=R_12=1+ (24z+By+D)?, (26)
F=R_. R = (2Az+By+D)(Bz+2Cy+E), (27)
= New =1 + (Bz+2Cy+E)? (28)

The second fundamental coefficients of the surface are

L=R,_, -N=24, (293
M=R_-N=B8, (30)
=R _-N= 31
N=R_-N=2C. (31)

In terms of these coefficients, the normal curvature of the surface is given by

Ldz%+2 Mdzdy+ Ndy?

= , (32)
N Edz+2 Fdzdy+ Gdy?

where the ratio dz:dy specifies the direction of a line tangent to the surface
at point P. In terms of the coefficients of the second order surface defined by

Equation (20), the normal curvature at z = y = 0 is given by

1 2[Acos 26+ Bsin cos §+Csin 2]
Vi1+E2+D? [(1+D%)cos 29+2DEsin Ocos 6+(1+E?)sin 26)

(33)

En

Here, 8 defines the orientation of the intersecting plane with respect to the
I—y axis.

The principal normal curvatures of the target surface where the axis of
the sensor intersects the surface, x, and k,, are the extreme values of
Equation (32). In terms of the fundamental coefficients of the surface, Ky

an® x, (e the roots of the 2quation

164 3-0 SENSORS

(EG—FRIRP~(EN=2FMHCTY Rt LN-MZ =0,

The directions of the principal axes are given by the roots of the

(EM—FL) %8 (EN—-GL)tan 0+ FN—-GM = 0

The @i-cipal clivature, K. < the curve C at P is\@d nby

KN V1+ D% E?
——3 = X e ——
nocosA TN Dt

[

(36)

where x ,; is computed in a direction tangent 0 Ca P an® (T is the angle

between N and n.

3. Measurement Error

The computed coordinates of a light spot in the field of view of the sensor
is subject to error. The affects of various sources of error were taken into
account in designing the sensor. Features of the sensor include: the beams of
light from the sensor are focused into the center of the field of view where
non-linearity and distortion are smallest; the light sources are modulated
and the resultant signals from the sensor chip are synchronously detected;
the resultant light spots on a nmnmo.n surface are small when compared to the
area of the field of view of the sensor; and a means for adjusting the light
source intensity has been provided so that the measured light igmu..ew is
within a small range.

One of the features of the sensor chip is it intrinsically measures the
center of gravity of a light spot on its surface. If the shape of a target
surface doesn’t vary rapidly, the location of the light spot in the field of view

of the sensor can be measured accurately. However, if the surface is
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Kanade/Fuhrman 187

€ € and ¢, computed by Equations (40) can be added to the spatial
coordinates (z,y,z) computed by triangulation to obtain the corrected

location of the spot.

4. Jultiple Conical Arrays of Light Soure s

‘Incertainty in the measurement of surface orii ntation ultimately
dep: nds upon the uncertainty with which the sensor hip measures light
spot position. Although the resolution of the sensor chi) is vongaw:w high
(abc 1t 1/5000 across its surface), the precision of a sin jle measurement is
limi‘ ed by several factors. The intensity of the light tha reaches the sensor
chip depends upon the distance, orientation and reflec ivity of the target
surfi ce. The shape of a surface also affects the intensity distribution of the
light spot on the sensor chip, causing a small erroi in measurement,
How :ver, because the sensor chip is very fast we can use edundant multiple
light sources and choose the orientations and positions of -he light sources so
as to increase the accuracy of the sensor.

V'hen measuring the distance of a surface, the region »f greatest interest
is geiierally the center of the field of view of the sensor. The effects of the
various distortion and non-linearity are smallest near the optical axis. In
addition, even if a spot of light is out of focus or gros ly distorted by a
surfa e, errors that are the result of a portion of the light spot falling beyond
the edge of the sensor chip will be minimized, For hese reasons the
proxi nity sensor is configured using multiple conical array's of light sources.
In this way, several light sources are always focused near the optical axis
over the range of the sensor.

Siace the sensor ohi meCO e the centr® of the intensity (O % ibotion
on its suface, the dizuirtios of the spot of light on a flat =urfae G not
lea® 00 an appicciavie er or. However, a large light s>ot m.,Nm @cos de ¢ ease
the 1 ar range of tne proximity sensor, an® certainly will aff\LLl the

measurement of cLuve® surfaces. ‘I'o minimize the size of the light spots, the

168 : 3-D SENSORS

sensor uses light emitting diodes that were intended for fiber optic
communication. These LEDs have a light source diameter of 150 microns,
As a result the projected light spots on a target surface are on the order of

350 microns in diameter.

2.1. Flacement and Orientation of Conical Arrays

Having decided that all of the light sources are to be arranged in multiple
conical arrays, the angles of orientation for these light sources, and then the
number of light sources comprising each cone, the number of cones, and the
placement of the cones are determined by means of the statistical analysis of

oS,

Surface

Figure 4: Camera Mode] of the Proximity Sensor

Figure 4 shows the locations of the sensor chip, the lens, and one light
source focused on a point along the optical axis. The angle of the :mvm beam
relative to the z axis is 6. A line js drawn from the point on a surface
iomwovmuam the light beam, through the effective center of the le g, to the
e as<t chip. The eqoalllog f the beam of light in the z-z plane is

z2=7z tan O0+d. ﬁtv
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Design of the Prouimity Sen or

S verll gollle guide® the aml_mw: of the proximity sensor the sens<t shoold
be ¢¢ mpact, with &Bobl_oam on the order < 10 c¢m, iU order that ot can be
Wed by a robotic wanipulator; the ens<t s ould have a weful 1 inge <
about 10 cm; the éncident angle of the light beams on a tasget surfac( shoul®
be Liil to winimi e ight sp t dist ortion; the e NoUfT be at lea: t three
separate conical rin s of ligh soluce; an® each indivifoal light source
shoul® measure posit o;. with a s I.:i&. of at least 0.2! wm,

The prima:y oonst aint on :.5 @ecogn 6 the proxi :S, sensor ' 7as the
light sour e: inf 21sity, The 58:!3. < the light that in _Lmema on i tarOit
surfae depen®@s on th - intensity <t the | ght e nitter, the distance of the
emitter frowl & focling lens, an® the @dame te L@ focal length of the
focusing lens. Theze last two quantities Ge & rmine the wze of the sensor an®
the number 6 ngit sowics that can be mounted on the e ns<t head. The
intensity <t the refle c¢ @ light that reaches e sensor chip depends on the
distance of the camera LLns M=o, the t get surface and the diameter U the
lena

[n a tradeoff between sensitivity, range, and the size < the fiel® < view,
the Gistance Mom th= cam ra lews to the plane that is io best foclu was
chosen to be 3.42 tim = the dictance from the seLior chi to the LLns. As >
"eult, the area § the NG <t <.,m€ ©Ou is in bes focl is approximately
4.0 cm square. In tae version of the sensor that Lia be n built we use a
16m , f/1.6 camera lens. If a camer> Ons with a sh<tter foc—! length were
Lued, a smal'er suor colll have been bul t. Thiu sermor wolld foeu ovoo >
clos e range an® have a wider fiel <t view Howeve the senti vity < the
sensor wolllT then be Mecrease® at lononr distances as the fielT of view <t the
sensor radl y expan®cd. If we Licd a losger focal lesgth camera le  the
angular field of view would be smaller, and the ensi ity greater, but it is
difficult to focus small spots of light with cufficient intensity ¢ thc greater

distance that woul® then be in focus.

172 3-D SENSORS

tight beam

I
L[V

Sensor Chip lens

Light Source

12 91.4 106.7  121.9 152.4 (mm)

Figore 5:  Geometry of the New P oximty * Sensor

Figure 5 shows the configuration of the proximity sensor that has been
built. To begin the analysis, we choose three cones of light each consisting of
a three light sources. Equation (44) determined the choice of the angle of
orientation of the light sources. With this angle chosen, we use Equation
(51) to calculate the minimum spacing between the vertices d), d, and dq of
the cones of light, where z = d, is in best focus.

First we have to estimate the uncertainty o in the Bogcnmsouo of spot
position at z = dy. Referring to Equation (43) and Equation (44), we first
set § = 60°, and (dy—L)/L=1342 and find S,, = 6.67. A smaller angle
would increase the sensitivity of the sensor, but the light spot on a surface
would then be further elongated. We assume that when a flat surface is
measured, a signal to noise ratio can be achieved so that the effective

resolution of the sensor chip is at least 1/500 its linear dimensions. This
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Kanade/Fuhrman 1 176 3-8 SENSORS

th . imit . . . . .
& sensor by another 4 cm The proximity sensor actually has an extended high signal to noijse ratio, the overall accuracy in the Incasurement of

range of 20 cm. At this distance several of the light beams leave the field of position when using the innermost 12 light sources js expected to be on the

view. However, the center of the field of view is devoid of light spota. order of .1 mm. The accuracy in the measurement of surface orientation ig

The computed distance and orientation of a target surface are estimated expected to be better than 1°.

to be the values at the intersection of the surface with the axis of the sensor.
If there are data points in this region, the estimate is more reliable than
otherwise. The spacing of the vertices of the cones of light, and the
orientations of the light sources determine how localized the data points are
near the axis of the sensor over the range of the sensor., In the sensor that
has been built, a light spot on the target surface is always within Smm of the
axis of the sensor.

The distances where the beams of light enter and leave the field of view

of the sensor were computed for each light source. The angular field of view
A1

1¢

of the sensor depends on the active area of the sensor chip. Table 1 lists the
entrance and exit distances for each light source assuming the active area of
the sensor chip has a radius of 4 mm. In addition, the table lists the
distances where each cone of light intersects the optical axis. From the

table, one can see over what distances the cones of light overlap.

Entrance Axis Intercept Exit )
(mm) (mm) (mm)
Cone 1 82.28 76.2 104.18
Cone 2 73.87 91.4 127.11
Cone 3 85.09 108.7 160.03
Cone 4 86.78 121.9 238.79 .
Cone § 106.68 162.4 301.85 Figure 7: Photograph of the new proximity sensor

suc proximity sensor head shown in Figure 7 s composed of a barre.

) . that houses the analog sensor chip, and into which the camera lens and
~svse 4o caurance and Exit Distances for Each Light Source.

eighteen liight sources are fixed. The barrel was machined from a single piece

i imi 18 light : d i . . . . .
This proximity sensor uses a total of 18 light sources rranged in § of aluminum to insure the concentricity of the cones of light sources with the

i i is 1 . A i ientl . . .
conical arrays. The diameter of the sensoris Il em. Assuming a sufficien y optical axis of the camera lens and with the center of the sensor chip. Any

. L=
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Orientation axis: -16° to 16° in 2° stepa.
Distanc - axis: 68.4 mm (0) to 168.4 mm (50) in 2 mm steps.

Figure 9: White surface: error in measured orientatlon versus
orientation and distance. The error in measured orientation is typically
less than 2°

small dependence on the intensity of the light reaching the sensor chip. Asa
result, when the sensor was calibrated for the white target surface and then
use® to measure the distance an® orientation of the other target surfaces the
results were in error. However, by recalibrating the proximity sensor for
each of these surfaces, (that is, recomputing error correction polynomials),
the performance of the sensor was improved so that the measurement error
at normal incidence was less than 0.5 mm. Figures 10 through 13 show the
wrors ¢ gute® fo two target curf©es, > brushed an@ a tarnished

aluminum s of ce , after recalsbrlll g the e awor %or eOh of these surfae s.

180 : 8-0 N1d

distance

Orlentation axis: -16° to 16° in 2° steps.
Distance axis: 68.4 mm (0) to 168.4 mm (50) in 2 mm stepa.

Figure 10: Aluminum surface: error in measured @istanco versus
orientation and distance after recalibrating the sensor.

5.2. Cu vature

To measure the contour of a surface, a surface was moved through the
field of view of the proximity sensor. At each position of the surface, the
distance of the surface from the proximity sensor was measured, and the
orientation and curvature of the surface were computed. The results were
compared with the actual shape of each surface, and with shape of each
surface that was computed assuming the proximity sensor behaved ideally.

The measurement of surface shape was simulated to evaluate the
expected results. The coordinates of the resultant light spots on a simulated

target surface were computed for each position of the surface. The distance,
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distance

Orientation axis: -16° to 16° in 2° ssepe.
Distance axis: 68.4 mm (0) to 168.4 mm (30) i 2 mm stepe.

Figure 13: Tarnished surface: error in measured orientation versus
orientation and distance after recalibrating the sensor.

ha® a radius 6 45 =m. The Gistance between the sensor and the cone was
97.4 mm at their closest position. This is 6 mm further away from the sensor
than the distance of best focus. In Figure 15 the contour of the cone is
graphe® as the sensor was moved ac> s its s<tfacc: COrve 1’ shows the
measurement reolts. Curve ‘2’ shows the expecte® reslls that —ere
0 >ute® accordiuc to the mometrical model of the sensor wlllch assumes,
for example, thee wee no extrameos refle tions. COrve ‘3’ shows the
actual contoor of the conc

Figures 14 throuch 17 show that the proximity sensor can accurately

measure the @iz e an@ orientatio® § a c<v(O svrface wheo the surfae iU
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70

-100.

-110

30 -20 10 0 10 m »
Vertical axis: distance from sensor. (mm)
Horizontal axis: motion of sensor across surface, xNM)

Figure 14: Contour of the surface of a cylinder: the measured 1 and
the simulated 2 results, along with the actual 3 values

near normal to the axis of the sensor. When the orientation of eacd of. se
surfaces was computed from the coefficients of the second order equation,
the 8 uls wee not aceurate Fitting a quadric surface to the data points on
a curved surface provides a better estimate of the range of a surface, but the
gradient and the curvature of the surface are not stable. The local
orientation of the target surfaces was better represented by fitting a plane to

the data points. Figures 16 and 17 show the measurement results and the
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=30 -0 -10 0 10 20 30

Vertical axis: surface orientation. (degrees)
Horizontal axis: motion of sensor across surface. (mm)

Figure 17: Surface orientation of the cone: measured 1 and
simulated 2 results, and the actual value 3. The orientation is measured
with respect to the axis of the proximity sensor

The simulated measurement of curvature is stable over a range of
orientation and distance relative to a surface. However, the simulation did
not take into account specular reflection of light toward the sensor head,
finite light spot size and other perturbations. Either increasing the number
of light sources, focusing smaller light spots onto the target surface, or using

data points from earlier measurements in the computation, should increase

188 R 3-D SENSORS
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-10 N
-20

r
-30. J 1
<0 !
- / ~N
-50_1_ \\/\/\
_ 3
60| _ [ A
| 2
I
-8
li
90,
30 -20 10 0 10 2 30

Vertical axis: radius of curvature. (mm)
Horizontal axis: motion of sensor across surface. (mm)

Figure 18: The smaller principal radius of curvature of a cylinder:
measured 1 and simulated 2 results, and the actual value 3,

the accuracy of the computed curvature.

6. Conclusion

A new compact multi-light source proximity sensor has been developed.
The sensor is based on the principle of active illumination and triangulation:
each time a light source is pulsed, the coordinates of the resulting spot of the

light on a surface are calculated. The proximity sensor that has been built
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