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A Novel Electrooptical Proximity Sensor
for Robotics: Calibration and
Active Sensing

Adi Bonen, Ricardo E. Saad, Kenneth Carless Sniitfle, Fellow, IEEE,and Beno Benhabilyiember, |IEEE

Abstract—An electrooptical proximity sensor capable of mea- to improve upon current characteristics, and, furthermore, to
suring the distance and two-dimensional orientation of an object's control both the sensing and grasping processes.
surface is presented. The robustness of the sensor, targeted In this paper, a new amplitude-modulation(AM)-based prox-

for utilization in robotic active sensing, is achieved via the . it hich bi | | feat .
development of a novel amplitude-modulated-based electrooptical Imity Sensor, which combines several novel features, IS pre-

transducer, an electronic-interface circuit that provides very Sented. The primary objective of the development was to
good noise immunity and a wide dynamic operating range, and obtain a robust proximity sensor for utilization in robotic
an effective multiregion calibration process that significantly active sensing. The sensor’'s strengths are based on: 1) a
improves pose-estimations at near proximities. An experimental o1 st proximity transducer, described in Section II; 2) a
setup was designed and implemented for the development and - L L . .
verification of the proposed proximity sensor in a simulated practlcgl electronic interface circuit Whlch gxtend; the sensor’s
robotic environment. Experimental results using a variety of dynamic measurement range, described in Section IlI; and 3)
calibrated surfaces and materials are presented and discussed.a novel calibration technique, described in Section IV. The
It is shown that average accuracies of 0.01 mm and 0.0%an be potential application of the proposed sensor in controlling

achieved. The robustness of the proximity sensor is also verified {na  micromovements of a robot's gripper is addressed in
for potential use in grasping objects witha priori noncalibrated Section V

surfaces.

|. INTRODUCTION Il. PROXIMITY TRANSDUCER

OBOTIC MANIPULATORS working in complex and Transducers used by current proximity sensors vary in
dynamic environments can adapt to the imprecise fesephistication. Although a large variety of such transducers
tures of their evolving surroundings by employing varioueave already been proposed and built, new and improved
sensors. These sensors can be categorized into three grotrpesducer types are commonly reported in the literature.
medium-range (proximity and recognition), short-range (proXfarious transduction media are used for proximity-sensing,
imity), and tactile (force distribution and recognition) [1]including sound waves, magnetic fields, electric fields, and
[2]. light (employing electrooptics) [3]. For various reasons (in-
Proximity sensors bridge between medium-range senschsding the smaller size of the sensor head, the required range
that provide gross pose (position and orientation) estimatesaffoperation, and the lack of moving parts), the electrooptical
an object and tactile sensors that provide contact informati@themes are more suited for use in proximity sensors intended
The range of proximity sensors must be sufficiently large to reside on a robotic gripper, and thus are more commonly
compensate for uncertainties in the medium-range proximitseported in the literature.
estimation process, while having sufficient resolution and Conventionally, electrooptical proximity sensors have uti-
accuracy to permit effective grasping of the object. lized one of two methods of operation, involving: the triangula-
Despite their great variety, however, proximity transdudion principle, or the light-intensity-modulation principles AM
ers and their accompanying electronic circuits (comprising phase modulation (PM). Triangulation schemes are usually
the proximity sensor) cannot presently meet the stringemiore robust than AM and PM schemes, since they are not
requirements of industrial robotic applications. Novel sensirdirectly susceptible to variations in light-reflection intensity.
algorithms and techniques still have to be employed in ord€hey are well suited for medium-range localization tasks, [5].

i ) i i ) In contrast, AM and PM sensors are more susceptible
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Fig. 1. A typical (fiber-optic-cable) receiver-pair constellation for distance

and orientation measurement.
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for applications such as: alignment of components in precision
assembly [7], [8], one-dimensional (distance) handling of con-
tact/noncontact transitions [9], and one-dimensional (distance)
robot-end-effect position control [10], [11]. Thus, the AM 0
scheme was chosen for the development of the transducer

proposed herein.

Xmin Distance
(b)
Fig. 2. The light intensity detected as a function of (a) orientation and (b)
distance.
A. Amplitude-Modulation Transduction

An AM transducer usually consists of one emitter and seleflection characteristics. However, usually, the back slope

eral receivers (Fig. 1). The signal amplitude at each detectrthe transduc_er IS use_d In practice, since most proximity-
is a function of all the sensor's geometrical parameters, tRENSOr applications require a larger operating range than that

reflectivity characteristics of the object's surface, and its pog&chievable using the other.

Thus, the surface pose can be deduced when sufficient knowl-

edge exists about the other parameters. In any measuremgnf€sign of the Proposed Transducer

at least two detectors are used in order to compensate foFor its utilization in typical robotic-grasping tasks, the
changes in various parameters, such as light-source intengitygximity sensor is required to be capable of measuring
and surface reflectivity [6], [12]. distances of up to 40 mm, and 2-degree-of-freedom (dof)

Geometrical design of the AM transducer and its receiversasientation equivalent to an overall inclination of up4030°
based generally on the symmetry property. The measuremg8]. The use of a singléntegratedtransducer, capable of
of surface orientation can greatly benefit from a symmetricaleasuring distance as well as orientation, was deemed to be
constellation, while distance-measurement requires asymmaeatgsirable in our work. The use of fiber-optic cables (referred
in the configuration of the receivers relative to the emitter. The hereafter simply as fibers) was also noted as beneficial,
three receivers of the basic AM proximity transducer in Fig. gince they facilitate the operation of sensitive low-noise sensor
can therefore be used for measuring both distance (with peircuitry in a shielded environment appropriately remote from
Reg-Reg) and orientation (with pair RgeRe). all electromagnetic-interference sources.

The light intensity at the receiver as a function of the surface Although, in principle, an AM transducer with one emitter
orientation is illustrated in Fig. 2(a). The shape of this graph @&nd three receivers is sufficient for extracting the required 3-
governed primarily by the surface’s angular-reflectance profile. information, a transducer with eight receivers is employed
The light intensity at the receiver displays a nonmonotonterein (Fig. 3). The information provided by the “redundant”
relation as a function of the distance [Fig. 2(b)]. In the fameasurements is used to obtain a pose-estimation function that
field, the light intensity is inversely proportional to the squarminimizes dependency on surface-reflection characteristics.
of the distance. In the near field, the intensity is governed Ibjoreover, the use of eight receivers enables the utilization of
the overlap between the emitter and receiver light projectiobsth the front and back slopes of the operating range shown
on the surface. in Fig. 2(b).

AM transducers are usually used in a distance-measuremerBecause of the minimum operating distance of the AM
range that is limited to only one of the two slopes illustrated imansducer £,,,;;, in Fig. 2), the transducer must reside a few
Fig. 2(b). Thefront slope is characterized by a much smallemillimeters away from the contact plane of the robot’s gripper.
operating range than that of theckslope but also by better Since the intended principal application of the transducer is to
sensitivity and accuracy. Moreover, a transducer operatingt as a guide for a robot’s gripper during the grasping of
at the front slope is less sensitive to variations in surfacen object, it was considered highly desirable to have higher
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the visible, near infra-red, and ultra-violet ranges. Noise can
be both near-constant and time-varying. Through our interface
circuit, optical-noise interference is reduced to less than a
measurable level, even in extremely bright “light-infested”

surroundings, by utilizing a modulated laser-diode together
with optical and electrical filtering.

A necessary requirement for the interface to our transducer
is a wide dynamic range. While dynamic range is a very
important parameter for any sensor, it is particularly critical
for sensors measuring optical attenuation. The light intensity
at the receiving end of the proposed transducer is a strong
function of many parameters, including distance to the surface,
surface orientation, overall reflectivity of the measured surface,
and its angular-reflectance profile. As well, at this point, it is
important to emphasize that the light-detection process at the
receiver involves the conversion of light intensity to current.
Therefore, a moderate range of received light intensity of
1000:1, corresponds to a 60 dB electrical-measurement range

8 receivers

Fig. 3. Geometrical design of the proposed proximity transducer.
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ﬁ,:l\{\ W aperture (rather than to the 30 dB range of optical-power variation).
. . . . In practice, the dynamic range of such sensors has, until
‘:d1:4mm - 10mm 20mm 4omm  NOW, been restricted by the dynamic range of the receiver in
ey the electronic interface. Several sensors incorporate a manual
v d>=4mm o

adjustment mechanism that allows varying the operating range
of the sensor (without actually increasing the dynamic range)
[3]. However, this solution cannot be incorporated into a
sensor intended for (automatic) robotic grasping tasks. Our
interface-circuit design incorporates a novel method by which
this limitation is bypassed and substantial widening of the dy-
namic range of the sensor system is achieved: The power of the
light-source is monitored in a dynamic intensity-control loop

sensitivity and accuracy as the gripper approaches the ?f%‘signed to perform “floating-point” measurements according

ject. Thus, the transducer's geometrical design was optimizgfine attenuation found in the associated optical path. By this

by maximizing the emitter's and receivers’ Iight-projections;neans, the sensor acquires the combined dynamic ranges of
overlaps, with respect to the sensitivity and accuracy of th§s receiver and transmitter circuits.

required measurements. The design variables were the anglefhe 830 nm wavelength laser diode used as the light
of the receivers with respect to the transducer’s surfee, goyrce s the Hitachi HL8312G. It is capable of emitting 20
andds, and the distances between adjacent fibérsanddz  mw of optical power. The current driving the laser diode
in Fig. 1.. Fig. 4 illustrates the opumlzed transducer design.jq composed of a constant biasing current and a 10 kHz
The fiber selected for use in the transducer was AMRqqyjated intensity current. The received light is detected
475-_622_2. This plastic fl_ber is commonly used in mdustngy an MFOD71 PIN photodiode, which is a low-cost plastic-
applications because of its high tensile stren@iB0N) and  gncased device, designed for direct connection to a 1 mm-core
its Sm"_"" minimum bend radius (2_ cm).. It has a 9pm _fiber-optic cable. Finally, of the many commercially available
core diameter, and a 1 mm cladding diameter. The opticirolier circuits, the AT-MIO-16 by National Instruments

attenuation is relatively low at 0.16 dB/m. The numerica) s selected for use in the interface circuit. The AT-MIO-16
aperture is 0.5, and therefore its acceptance angle=s60° 5 5 programmable data-acquisition card for a PC, with 16

(Fig. 4). analog input channels connected to a 12-b A/D converter, two
12-b D/A output channels, digital 1/0O, and five counters for
lIl. ELECTRONIC INTERFACE CIRCUIT timing of I/O operations.
The performance of the electronic-interface circuit was
The performance of an optical transducer is in generalvestigated through an analysis of its signal characteristics
limited by its electronic interface. Thus, a robust and rel{including frequency response, noise, sensitivity, dynamic
able computer interface is presented herein for the proximitgnge, and time-domain performance). The results obtained
transducer proposed above. The interface comprises a ciréaifude a receiver dynamic range of 62 dB and an overall
with one transmitter and eight receivers, built on a PC I/@ynamic range of 134 dB (when the minimum signal-to-
card, in conjunction with a commercially available controllenoise ratio is taken to be 10 dB), a receiver input noise of
card (Fig. 5) [14]. 1.52 pAA/Hz, and operating-frequency range of 0.5 kHz to
It should be noted that, in a typical manufacturing envirort35 kHz. The circuit implemented for our proximity sensor
ment, various sources of light noise produce interference daperates at 10 kHz.

N

Fig. 4. The AM transducer geometrical design.
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IV. SENSORCALIBRATION METHODOLOGY calibration process. A group can be composed of a collection

The objective of a calibration process is to establish f surfaces made of the same material but with different
reliable relationship between the input and output of a me%urface-detall, or surfaces made of different materials but with
surement device. In the case of the proximity sensor, tfiinilar surface-related reflection characteristics.
surface pose constitutes the unknown set of parameters to b8!though the CPG technique is generally less accurate than
measured (i.e., the input). The light intensities, collected B¢ CPS téchnique for any specific surface utilized during
the fibers and measured by the interface circuit, constitute calibration, it can provide very-comparable estimations
output parameters. as the pose of the surface (relative to the transducer) gets

Due to their susceptibility to variations in surface-reflectiofimaller. Also, unlike the CPS technique, the CPG technique

characteristics, current calibration methods for AM proximitg°NSiders a variety of materials and surface details. Thus, it
sensors are based on the construction of a calibration-p&# Provide acceptable pose estimations for objects that were
surface (CPS) database, and thereby usagepofori knowl- not included in the original calibration group, but which have
edge [6], [15], [16]. A single calibration function is obtaineiMilar reflection properties to those of the calibration-group
for a region that includes the complete operating range of tRerfaces.
sensor.

Moreover, due to the unknown reflection characteristics gf Multiregion Calibration

object surfaces in general, establishing a reliable analytical

calibration model has normally been carried out in a decoupled™ Problem related to the use of a single-region-calibration
fashion, namely, for the measurement of distance alone _r’apthod is the I_OW achievable accuracy over the comple_te
a of single-degree-of-freedom orientation, and only for udatended opera_tlng range of the_ prOX|m|ty Sensor. _Over _t_h's
in the “far-field” [10]. Therefore, past methods relied on thkange there exist e_xtenswe_ varlat|on_s in the light-intensities
use of empirical observations for establishing a numericaléasured by the eight receivers, variations that are governed

analysis-based model. Commonly implemented approaches ¥e>€veral nonlinear phenomena. Moreover, this type of cal-
polynomial fits, or the combination of polynomial fits andbratlon does not take advantage of the increased accuracy
look-up tables. available as the gripper nears the contact point.

A new calibration methodology is presented below which Thus, a multire_gion-calibration scheme is proposed herein.
increases the robustness of the proximity-sensor measdi@Wever, the choice of such a scheme adds another stage to the
ments, and furthermore, improves its applicability to utilization” 2-P0Se-estimation algorithm. While in the case of a single
in active sensing. Three approaches are combined: 1) Ca"bggl_lbranon region only one function is needed for estimation,

tion per group of surfaces; 2) multiregion calibration; and 3} the multiregion case multiple separate estimations can be
selective-accuracy polynomial fit made by the different functions. One of three approaches can

then be followed.

) . 1) Different estimations can be calculated with a reliability

A. Calibration per Group (CPG) of Surfaces factor attached to each. (The reliability factor can be

Estimation of the object-surface pose using the CPS ap- calculated from the relation between the estimated pose
proach is a simple process. This approach yields very ac- and the subregion’s boundaries.) Thereafter, the different
curate estimations when the sensor is used for the specific estimations can be treated by a sensor-fusion technique
surfaces utilized during calibration. However, the accuracy as if they were created by different sensors.
can decrease rapidly due to lack of uniformity in surface 2) Both the single complete-region and multiregion calibra-
detail, even for objects made of the same material. Thus, tions can be utilized. The low-accuracy pose estimated
the CPS technique is not a practical technique for robotic by the complete-region calibration can be used to indi-
manufacturing environments. cate which of the subregion functions should be used

A CPG technique is proposed herein to address the above for a finer estimation.
robustness problem. Within the framework of this approach, 3) A hybrid hierarchical estimation process can be applied.
a global relationship is derived for the input/output of the The first estimation uses a pseudo sensor-fusion tech-
sensor by grouping object-specific data obtained during the nique to select the proper subregion. Thereafter, the
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active-sensing algorithm automatically selects the next- -
smaller subregi the gri th tact point from medium-range

region as the gripper nears the contact point. proximity controlled
Thus, the hierarchical selection of the regions must be motion
arranged such that a sufficiently wide overlap exists
between any two adjacent subregions.

I initialize active-sensing algorithm parameters
Y

v <
invoke pose measurement

C. Empirical Approach

. ) ) . get the next desired gripper location from
Several different calibration models were evaluated in an strategy at which to take a measurement

effort to find the one that best suits the active-sensing scheme. move gripper to new location
The result of ablack-box type approach of symmetrical-
polynomial fit proved to be superior to all others, and was thus
used for the comprehensive sensor calibration. (Herein, the
term “symmetrical-polynomial” indicates that the polynomial b
.. . . next: tactile-

possesses both positive and negative powers of the variables.)
The estimation errors of the symmetrical-polynomial method
were about two to three orders of magnitude lower thamy. 6. An active-sensing algorithm.
those obtained utilizing pseudoanalytical models; about one
to two °.rdefs of ma.gnltude lower than a hybrid analyt'calénd-eﬁector is first brought into the proximity of the object to
polynomla_l-flt model; E_’md_ about three times lower than P grasped and a single measurement is taken by the proximity
asymmetrical-polynomial-fit metho.d. . . sensor. This measurement is used to estimate the pose of the

The measu.remgnts from thg eight avallablg receivers %rl%ect’s surface and the gripper is sent there to initiate the
used for the individual estimation of polynomials for «,

du (dist tical orientati d horizontal orientati grasping process. Active sensing is advocated in this paper as
andv (distance, verticatorientation and horizontal onentationy, 5jternative method. The desired goals for an active-sensing
The redundancy in the number of measurements serves to;

. S thod are:
increase the accuracy of the estimation; 2) reduce the couplin

of distance and orientation measurements; and 3) enable th ) atalowerlevel, to improve the accuracy of the proximity
implementation of the CPG scheme. sensor for measurements of precalibrated surfaces;

The data for the calibration process must be acquired viaz) at a_h|gher. Ievgl, to serve the rpbot m_otlon-control-
algorithm with high reliability. This algorithm would

measurements in a 3-D space, (v and v), defined by the ol th bot . ts during th

boundaries of each subregion. The measurement points must contro etro 0 ?hn;m_rom](c)vemetrk:s f_urlng © ptre-

be suitably distributed in the defined region to achieve an grasping stage (that “is, _rom the st -proximity-
measurement instance until a contact is made between

accuracy which is as high as possible. As known, and verified h bot d eff d the obiect’ f
herein, the fit-error decreases as the density of measurement the robot's end effector and the object's surface).

points increases. Thus, in order to optimize the measurement-
point selection for the intended use of the proximity sensor in Incorporation of an active-sensing algorithm into the process
active sensing, a special point-distribution function was devélf grasping an object should not significantly lengthen the
oped based on the following criteria: 1) symmetrical patte@asping operation: In practice, it is normally accepted that
for orientation measurements; 2) lower orientation angles @gobot should be supplied with a new point in its trajectory
the distance becomes smaller; and 3) increased measurem@p@ut every 20 ms. Some of this time is spent in the robot's
point density as the relative distance and orientation betweg@troller solving the inverse-kinematics problem. Thus, the
the transducer and the surface become smaller. active-sensing algorithm must supply a new position for the
The accuracy of the estimation polynomial would naturall{bot (based on a new pose measurement) in a timeframe
rise with the value of-. However, the number of polynomialWhich is an order of magnitude faster.
elements would rise significantly as well, and so would the Accordingly, an important requirement for the implementa-
associated computation cost, both in off-line calculation of tfin of such a method is the ability to combine the sensing
polynomial’s coefficients, and for real-time pose estimation. fgorithm with the direct control over the movement of the
our work, the best accuracy-versus-cost performance tradd@fpot’s end-effector. This would allow the active-sensing

increment
step-number

is contact
detected?

was achieved with = 3 for all the three polynomials. algorithm to know the exact pose of the proximity-sensor’s
frame while in motion, and thus, to conduct measurements
V. ACTIVE SENSING “on the fly.”

The exemplary active-sensing algorithm process, developed
for the verification of the proximity sensor proposed herein,

At some proximity to the object surface, the control ofvas designed as a step-wise execution technique (Fig. 6).
the robot is released from the medium-range sensing syst&éhe execution of each step starts with the measurement of
and passed to the proximity-sensing system. In this contettte light intensities at the eight fibers, and the estimation of
the operation mode of proximity sensors in estimating ththe surface pose using calibration data. A strategy algorithm
pose of an object’s surface has usually been a direct singlleen calculates the next desired gripper location to which the
measurement scheme. According to this scheme, the robafffpper is commanded to move.

A. The Process
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Fig. 7. Possible micromotion robot end-effector trajectories. Fig. 8. The modified Type (b) trajectory implemented in the active-sensing

algorithm.
B. The Strategy Algorithm

It is assumed herein that contact with the surface showadlue measured. High accuracy indicates that the calibration

be made when the gripper's surface is aligned with tH#ata being used matches well the surface properties, and a fast
object’s surface, i.e(z,u,v) = (0,0,0). An infinite number of trajectory can be adopted. On the other hand, low accuracy
possible micromotion trajectories could lead the gripper to thidicates improper calibration data, and a safer and that a
final point from a general starting locatiofyo, 1o, vo). Four more conservative trajectory should be used for approaching
distinct types of trajectories that can be chosen are showntii¢ object’s surface.
Fig. 7. Although many other trajectories may exist, a complete The strategy algorithm implemented in our research was
analysis of these possibilities, or exploration of the optim&@ased on Type (b) trajectory. However, for its adaptation into
trajectory for the grasping process, are beyond the scopedoultiregion calibration environment, the trajectory-planning
this paper. scheme was modified to includecanteringmotion in addition

In Fig. 7, distance to the surface is plotted versus surfatsethe align and approachmotions. Also, the algorithm was
tilt, & = cos~!(cosu - cosv). Type (a) “linear” trajectory designed such that it can decide to take any one of the three
may provide the shortest motion time, however, it does ngtages as it nears the object and the sensor switches from
take advantage of the greater sensor accuracy at smafle¢ calibration region to another (Fig. 8). Each motion may
values of surface-tilt. Moreover, measurement errors suchiaglude several steps (see the Appendix).
overestimating the distance to the surface, would likely result
in a surface tilt at the time of contact which is larger than a
tilt that results using to other trajectories.

Type (b) trajectory lies at the opposite extreme when com-
pared to a Type (a) trajectory. It is a (premature-contact-wis&) Setup

safer path since the gripper is first aligned with respect to the, experimental setup was developed for fully-automatic

surface. However, the execution time of Type (b) trajectopyeasyrement-acquisition control and object-surface-motion
is longer, since two separate motions (including acceleratiof§nro| (Fig. 9) [13]. In this setup, the “real world” six
and decelerations) are carried out sequentially. The two Sta@%@rees-of-freedom (6-dof) gripper motion was simulated
of the Type (b) trajectory are referred to as takgn and 5 3.dof motion of the object, specifically, distance to the
approachstages. . sensor(x), and vertical(w) and horizonta(v) orientations of
Type (C) trajectory represents a compromise between (g} g rface normal relative to the sensor’s surface normal. The
and (b). First, the gripper is moved in a "linear” fashion 10 g, jemented simulation algorithm considered the imperfect
predetermined fixed poirtraign, 0,0), whose distance from yitioning of the sensorigripper, as it would actually occur

the surface is sufficient to prevent premature contact. TheR,ihe real world due to previous pose-estimation errors, and
the approach toward contact with the surface is done alon%@(ced the object accordingly.

trajectory in which greater accuracy is available.

Type (d) trajectory represents another potential compromise
between (a) and (b). It is fast, continuous and takes sofe
advantage of the greater-accuracy region. The major disadvanExperiments were conducted to compare the accuracy
tage of (d) is the greater complexity in computing a continuoashieved by the CPG and CPS methods using various
motion. materials. Individual CPS calibrations were first carried out for

The active-sensing algorithm’s motion strategy need no#ferencing purposes for aluminum, copper, brass, stainless-
be constrained to an implementation of only one type asteel, Teflon, PVC, wood, and Plexiglas surfaces. These
trajectory: A robust algorithm can determine how accurataeaterials were then classified into two separate groups, namely
the pose estimation is after conducting a few measurememgtals and dielectrics, and CPG calibrations were conducted
and decide which type of a trajectory should be followed. Than these groups. Finally, all the materials were combined into
estimation accuracy can be checked by comparing the expeaesingle group and an overall general calibration (GC) was
measurement values at each point on the trajectory to the actlathined.

VI. EXPERIMENTS

Calibration Results
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Fig. 9. Block diagram of measurement setup.
5D TABLE |
ESTIMATION-ERRORS 4t &= o IN THE FINE REGION; N/A: NOT APPLICABLE
variable Wt {mm) W*0,(%)
method CPS  CPG GC CPS  CPG GC
aluminum | 0£0.009 0£0.020 -0.00120.044 | 020015 0£0.022  00.056
brass 0+0.010 0£0.018  0+0.028 [0£0.015 0£0.019  0£0.050

. ST
misdinm T i

Fig. 10. Calibration subregions.

A set of four overlapping subregions was selected empir-
ically for the calibration of the proximity sensor. They were
labeled as “wide,” “medium,” “narrow,” and “fine” (Fig. 10).

The calibration measurements fer «, andv were acquired

for each individual region at selected points in the three-
dimensional variable space. A set of 1960 predetermined
points was used to obtain measurements from each of the
surfaces considered. The points were selected according to
a special distribution function designed to achieve better

accuracy when the orientation and the distance of the surface
(|| + o) normalized with respect to the best-estimation value

are closer to zero.

copper 0+0.007 0£0.021 0.001+£0.041 |0+0.015 0+0.022 -0.001%0.057
st. stecl 0+0.010 0£0.023 -0.001x0.038 | 0£0.017 0£0.025 -0.001x0.072

pve 0+0.004 0+0.004  0+£0.021 [0x0.023 0+0.025  0+0.041
plexiglas  |0+0.003 00,006  0+0.020 |0£0.016 0+0.024  0x0.035
teflon 0+0.003 0£0.006 0.001£0.029 |0£0.025 0+0.030  0x0.046
wood 0+0.004 0+0.006  0+0.036 |0+0.038 0+0.043 0.001x0.073
metals N/A 00.021 N/A N/A  020.022 N/A
dielectrics | N/A  0%0.005 N/A N/A - 0+0.032 N/A
general N/A N/A 0+0.033 ! N/A N/A 0+0.055
TABLE 1l

NORMALIZED ACCURACIES OF THECALIBRATION RESULTS

variable | x (x 0.00625mm) |« (x 0.0205°) v (x0.01625%)
method | CPS CPG GC |CPS CPG GC |CPS CPG GC

fine 1.0 21 5210 13 26|10 14 34
narrow | 1.7 148 46.1| 1.6 38 27.1| 1.5 58 274
medium | 5.1 115 282| 3.3 189 849| 34 294 123

wide |28.6 347 620 9.6 722 201 |15 927 245
complete | 32.1 426 796 | 11.8 88.0 225|121 101 297

Results were analyzed with respect to the calculat&ficountered (thatis, setting CPS fiael). The normalization
estimation-errors. The calibration-error for a given measurictors were: 0.006 25 mm far, 0.0203 for «, and 0.016 25
ment is defined herein as the difference between the knoi@ v-
pose of the surface, where the measurement was taken, anbihe following three points summarize our observations.
the pose estimated by utilizing the calibration polynomials. 1) The estimation-errors decrease significantly as the mea-

By way of an example, the meafig) and standard deviations

(o) of the estimation-errors of the distan¢e) and vertical-

orientation () are given in Table | for the fine region, (the 2)
horizontal-orientation results are very similar to those of the
vertical-orientation). In the case of group calibrations, also
given are the results of the combined standard deviations for
all the materials within the group (namely for all dielectrics, 3)

all metals, and all materials).

surement regions become smaller and nearer to the
transducer.

The estimation-errors of the CPS technique are smaller
than those of either the CPG and GC techniques. How-
ever, the differences are negligible for the “fine” subre-
gion (in absolute terms).

The estimation-errors of the CPG technique are smaller
than those of the GC technique.

A comprehensive summary of the CPS, CPG and GCNaturally, the means of the estimation-errors are around zero
calibrations for all regions and materials is also given herein & long as they are calculated for 100% of the population.
Table II. The entries in this table represent the average valueHifwever, a small bias is displayed in GC estimations by pop-
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TABLE 1l
ESTIMATION-ERRORS (¢ £ o IN THE FINE REGION FORUNCALIBRATED SURFACES
variable method Wyto,(mm)  PEG,(%) 120,(°)
galvanized steel GC -0.21£0.31  0.09£0.58 (.34+0.64
CPG - metals | -0.070.24 -0.3820.24 -0.4820.41
white paper GC 0.53£0.45 -3.42+0.63 1.89+0.29
CPG - diclectrics | 0.20+0.25 -3.77=1.14 1.26+0.54 step number
aluminum-2 GC 0.59+0.26 -0.410.51 0.12+0.45
CPG - metals | 0.92£0.19 -0.71x0.22 -0.23+0.28 -14 —W—cmor_x
CPS - aluminum | -1.43+3.78 8.63+10.7 7.34+4.13 —A—crmor u
—&—CITOT_V

(@

25
tilt (° 0.08 —e—real
20 + —O—est.
0.06 -
step number 15 7 0.04
-0.6
wof] %%
12 —&— error_x 0t t t +
. —&—error_u 5t 0 0.5 1 1.5 2
——CITOT_V
- CRIDO-0-O0-O4—0-—O-rj Ot 0O D> t
1.8 0 G,
@) 0 5 10 15 20 25 30 35
s (b)
it ) [ 05 Fig. 12. Active-sensing grasping of a brass surface. (a) Estimation errors.
’ (b) Real and estimated trajectories.
07004+
003 +
15 + —e—real
002 + —o—oest. timations on surfaces that are not included in the original
104]001 group. Experiments were conducted with twew materials
0 f = t (galvanized steel and white paper), and with an aluminum
51 0 0.3 1 15 2 sample (aluminum-2) having a surface-roughness different
than the one used in the previous experiments. Measurement
{IID-O-O- O OO OO +O $O- t t + . . . .
0 0 ! 0 15 s w3 x (o) points obtained for these materials were gathered with the
®) ) same distribution parameters used in the previous experiments

(1960 points).
Fig. 11. Active-sensing grasping of a teflon surface. (a) Estimation errors. By way of an example, the estimation-errors’ means and
(b) Real and estimated trajectories. L T . . .
standard deviations for the fine region are given in Table IIl.
Estimation errors in other regions display the same rela-
ulation subsets, which are composed of the samples of a sini{€ accuracies as given in Table Il. The results can be
surface. This bias is a measure of the uniformity of reflectidffed to compare the performance of the GC, CPG-metals,
characteristics inside a group, and, particularly, a measure@fG-dielectrics, and CPS-aluminum with respect to the new
how far the reflection characteristics of a surface deviate fromaterials. _ _ . _
the group’s average. Correspondingly, this property may assist he following three points summarize our observations.
in the categorization of surfaces into groups. 1) The estimations of CPG/CG can permit effective pose-
The validity of the observed results was verified as follows:  estimation of uncalibrated surfaces.

Additional (and independent) random sample sets of 70 mea=2)
surements were obtained, for every material and subregion, at
different poses than those used for the calibration. Again, the
estimation-errors were analyzed. Both the means and standard
deviations of the samples’ errors were within the statistical
limits calculated from the basic calibration results according

to Sampling Theory [17]. 3)

C. Uncalibrated Surfaces

This section describes work intended to explore the pos-
sibility of using the CPG-scheme calibration for pose es-

In the case of the same material but different surface
roughness, “aluminum” versus “aluminum-2,” the es-
timation accuracies of CPG/CG are better than these
of the CPS technique, where for the latter we used a
calibration function developed for “aluminum” during
the pose estimation of the “aluminum-2” surface object.
The aluminum-2 object cannot be grasped in an active-
sensing process based on the CPS-aluminum calibration
function since the pose-estimation errors are larger than
the region dimensions (as seen in Table Il for the fine
region).
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TABLE IV
GC: general Selection T SELECTION OF THE PROPER CALIBRATION
\ FUNCTION BASED ON A SINGLE @ MOVEMENT
CPG: dielectrics calibration function general |dielectrics| metals brass  |aluminum
Selection II first cstimation at (30mm, 10°,10%) 2386 | 5426 | 2528 | 30.87 | 189
CPS: brass aluminu second estimation at (25mm,10°10% [ 20.45 58.25 21.27 25.68 16.06
estimation differcnce (mm) 341 -3.99 4.01 5.19 2.84

Fig. 13. Hi hical selecti f th libration function.
ig ierarchical selection of the calibration function VII. CONCLUSION

In this paper, a new amplitude-modulation-based proximity
sensor that combines several novel features has been presented.

] . ) ] The primary objective of the development was to obtain a
Exemplary and typical active-sensing grasping processes g§gyst proximity sensor for utilization in robotic active-sensing

illustrated in Figs. 11 and 12, for Teflon and brass surfacgggks.

respectively. Each figure illustrates: (a) the estimation errorsTphe new AM proximity transducer uses redundant measure-
of the surface pose and (b) the real and estimated trajectofigsnts to improve the robustness of the sensor. The transducer
of the active-sensing process with a magnified inset of the |"E§sign was optimized to provide increased robustness and
few steps. In each case, the gripper was brought to contftreased measurement accuracy as the gripper nears the
with the surface from a starting locatidio, u0,v0) = (40 contact point. A novel electronic interface circuit was designed
mm, —20°, 10°). The final measurement errofs., c.,¢.) to provide the required extended dynamic measurement range
were (0.004 mm, 0.003 0.006) and (0.03 mm,—0.008, o the utilization of the proximity sensor in an active-sensing
0.013), for the teflon and brass surfaces, respectively. Th&yironment. The circuit’s protective mechanisms against light
grasping process of other calibrated materials followed th@jse allows operation of the sensor in typical manufacturing
same pattern, and yielded comparable results. environments.

Contact with the uncalibrated surfaces used in the experi-The features of the AM transducer allow the utilization of
ments was reached at surface tilt 0of0.8.6’, and 1.2 using 5 new CPG of surfaces methodology. This methodology was
CPG, and at surface tilt of 0°3, 0.6, and 1.4 using GC employed in an attempt to address the problem of robustness of
for galvanized steel, aluminum-2, and white paper surfacggy proximity sensors to surface-reflection characteristics. The

D. Active-Sensing Results

respectively. sensor was calibrated individually for eight different materials
using CPS, as well as globally for all eight materials and for
E. Selection of the Calibration Function two groups of materials (metals and dielectrics) using CPG.

. I . The potential application of the proposed proximity sen-
In general, when there is reopriori knowlgdge; of the object sar in controlling the micromovements of a robot's gripper
to be grasped, the lower accuracy GC calibration must be us\%%

. . L 's explored by a prototype active-sensing algorithm. The
However, a hierarchical surface-recognition method can QSmbination of active sensing and the proposed multiregion

applied for the automatic selection of the calibration functiogalibration improves the grasping accuracy by more than an
to be used for pose es“”.“f"“"”: f'rSt.’ the_surface 9roup dFyer of magnitude in comparison with a single-measurement
selected, and then the specific surface itself is chosen (Fig. ]75 heme. Physical experiments verified the expected good per-

Th_e_results OT an _experlment Co_nducted to _e_xplore tI%;rmance of the CPG-calibrated proximity sensor for all the
possibility are given in Table IV. First, the position of an

. . : .a_priori considered surfaces, as well as for surfaces not
unknown surface was estimated using GC, CPG'd'eleCt”%%nsidered before

and CPG-metals methods: 23.86, 54.26, 25.28 mm, respec- '

tively, (versus, the real distance of 30 mm). (The first row in APPENDIX

Table 1V lists other estimates for referencing purposes). Next

the gripper_ was advanced 5 mm tow_ard the s_urface anda| orithm individually for each axis, and differently for the
sgcond_estlmatlon was once again carried out using GC, CF% ee possible stages of motion. As expected, the steps are
dielectrics ar_ld CPG-metals mgthOdS: 20.45, 58.25, and 21I§§;er at the beginning of the motion, and become smaller as
mm, respectively. Once a decision was made on the typepf orinner nears the end of the specific motion stage.
material as “metals,” a finer estimation was obtained using theThe z-axis-displacement step size is calculated as
individual CPS-type calibration functions within the group. As

noted in Table IV, the calibration function of braserrectly

provided the best match. step, = max(step, . ,min(x-ratios,step, )) (Al)

'Motion step sizes were calculated in our active-sensing

— max(step,, . ,min(—a - ratioy,step, _)) —a> ag
Step, = 4 @ e (A2)
max(step,, . ,min(q - ratio,,step,, ) a > ag
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wherestep,, . andstep,  are user-set minimum and max- Adi Bonen was born on November 3, 1973, in
imum limiting values, andatio, provides a constant fraction " Israel. He received the B.Sc. degree (summa cum
of the distance to the object { laude) in electrical engineering from the Technion,
= o ) - Israel Institute of Technology, in 1990. He received
Similarly, the »- and v-axis-displacement step sizes ari i“'.. & the Ph.D. degree in 1995 from the Department of
calculated as shown in (A2) at the bottom of the previot = Electrical and Computer Engineering, University of

Toronto.
During 1992-1993, he was on a research-
internship program with the Hitachi Central

page, where forv = u, v, step, . andstep,  are user-set

minimum and maximum limiting valuesatio,, is a constant

step ratio, andy, is an alignment criterion for or v. Research Laboratories, Tokyo, Japan, working on
Th | f th b i d t an optical computedtomography system. His current

) € values o € above-men |0ne _parame er_s are qj&'earch interests include electrooptical measurements, robotic sensors, and

fined separately for each of the calibration subregions. Thensing technologies.

maximum-step-size limits are needed in order to prevent

premature contact due to an erroneous estimation of the surface

pose. The minimum-step-size limits are needed in order to

ensure a finite approach process, and to limit the slow-dov~

of the gripper approach toward contact.
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