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/./”P ABSTRACT

The Nondestructive Evaluation Group of the Defence Research Establishment
Pacific (DREP) has transformed a commercial ultrasonic digitizer into an accurate three-
dimensional position measurement system to guide a surface scanning robot. Four
ultrasonic receivers were configured to produce the three dimensional position of an
ultrasonic transmitter. By using a second transmitter to measure the speed of sound, the
accuracy of the commercial digitizer was improved by a factor of five. //’
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L INTRODUCTION

Today, CF-18 aircraft are inspected for defects by manually scanning suspect areas
using ultrasonic and electromagnetic techniques. This is time consuming and unreliable.
The Defence Research Establishment Pacific (DREP) proposes that a scanning robot
should save time and produce accurate repeatable results. Delaminations as small as 1 mm
long must be monitored for growth every few months. Since the available manipulator,
the PUMA 560, can't achieve this accuracy unaided, an accurate three-dimensional
position measuring system is needed to improve the positioning accuracy of the
manipulator.

Such a system must meet several specifications, the most important of which is
that it is accurate to 1 mm. Since the PUMA manipulator works in Cartesian coordinates,
control would be simpler if the measurement system also produced Cartesian coordinates.
Because manipulators generally have a very limited payload capability, any sensor
mounted on the end-effector would have to be small. In addition, the system operating
range must be sufficient to encompass the manipulator's work envelope. Finally, since the
measurement system is intended as a sensor for a control loop, calculation of a coordinate
set should be sufficiently fast to maintain the accuracy requirement.

This report describes an approach which adapts a commercial ultrasonic digitizer.
Although position accuracy is emphasized, other specifications are also examined.

Previous work with ultrasonic range sensors by Canali et al.1 showed that ran ge
accuracy is vulnerable to temperature. By measuring and compensating for temperature,
Canali showed a definite accuracy improvement. Smaller effects due to humidity and
pressure were ignored. The approach described in this report compensates for all three
environmental factors.

1.1.The ultrasonic digitizer

The ultrasonic digitizer is a commercial device consisting of eight multiplexed
transmitters and four receivers. Figure 1 shows how it was used in conjunction with a
manipulator. Each transmitter, a spark gap that emits a broad band ultrasound signal, has
a mass of less than 20g and consequently, does not significantly affect the payload
capacity of the manipulator. Each receiver is optimized to receive 50 kHz sound waves.
Range is determined by multiplying the speed of sound by the time of travel, measured
from when the spark is triggered to when the receiver detects a pulse.

2. THEORY

2.1.Measuring ranges

An ultrasonic digitizer determines distance by measuring the time it takes for a
sound wave to pass from a transmitter to a receiver. Critical to its accuracy is an accurate
measurement of the velocity of sound, given by Laplaces' formula,2




ve |1 R T (1)
M
where V = velocity of sound in dry air
T = Kelvin degrees (273.16 + degrees Celsius)
Ro = 8314 J/kg K - universal gas constant
Y = specific heat ratio

M = average molecular weight.
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Figure 1: Configuration of the ultrasonic digitizer

For dry air,
Y =14
M =29.

Linearising around 0°c, Equation 1 becomes,3
V =331.5 +0.607t (2)
where t = temperature (°C).

Water vapor in the air causes both Y and M to decrease, resulting in the following
corrcaction,4
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where, H = humidity ratio
Psat = partial pressure of H20 at saturation
(tabulated in Appendix A)
Pair =760 mm of Hg at sea level.

The temperature effect is normally much greater than the humidity effect. A
10°C rise in temperature produces a 2% change, while a 100% rise in humidity produces a
0.3% change.

2.2.Coordinates from ranges

Receiver and transmitter geometry, shown in Figure 1, dictate how three
ultrasonic ranges can be converted into a three-dimensional coordinate.
The derivation starts with a simple two dimensional model as shown in Figure 2.

Transmitter
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Figure 2: Two dimensional digitizer

The transmitter is at T and the receivers are at A and B. The measured ultrasonic ranges
are represented by a and b. Using the Pythagorean theorem, .

224 y2 @
b2 = d2 + y2 (5)
Equating y2,

2. 2 2. 2 ©)
d=(AB)-x (7

Substituting d into equation 6 and solving for x yields,




_a? - b® + (AB)?
x= 2(AB) ®)

Solving for y from equation 4 yields,

y=+a? - x? 9

The three dimensional case, shown in Figure 3, can be derived from the two

dimensional case. T represents the transmitter, and points A, B and C represent the fixed
receivers.
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Figure 3: Three dimensional digitizerf;

Viewing the pyramid from a normal to triangle ATB yields Figure 4.
From the two dimensional equation, equation 8, we can write,

bl ARy’ (10)
- 2AB ’

Similarly for y,
_ a -¢? + (AC)2 an

2 AC

Looking at Figure 3, knowing distances x, y and a and applying the Pythagorean theorem
twice gives z,

g=qla® - X% - y2. (12)

The equations assume that angle CAB is a right angle.
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3. DIGITIZER LIMITATIONS

Although the digitizer's resolution is 0.1 mm, changes in the environment greatly
degrade its accuracy.

Figure 5 shows the vulnerability of the digitizer's measurements to changes in air
temperature. One curve shows the measurement fluctuations in relatively still air at a
temperature of 20°C. The other curve shows the effect of a 14°C draft from an open
outside door.
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Figure 5: Digitizer bias at 161 cm range
Each receiver has two limitations: It has about a 1809 field of view and its

maximum reception range is 3.2m. Combined, these limitations constrain the work
volume to a cube 1.8 m on the side.




4. IMPLEMENTATION

4.1.Improving accuracy

The errors seen in Figure 5 can be explained by temperature fluctuations. From
the figure, the 140C draft caused, on average, a 3.5 mm shift in the reading, which
corresponds to a 0.2% shift in the speed of sound. To reduce these errors, a second
reference transmitter was placed at a fixed known distance from a receiver to estimate the
speed of sound for each measurement, as shown in Figure 1. It was positioned so that its
path to the receiver is never blocked.

An important question is how frequently should these measurements be taken;
Too frequently wastes computational time and too infrequently increases error. The worst
fluctuation seen in Figure 5 is a 1.7 mm change during one measurement interval, about
0.32 seconds. Consequently, the speed of sound must be measured every 0.18 seconds to
maintain an error less than 1 mm.

The resulting correction is,

M, -8
i o dy Moo 2O

cor~ ™ (M - 8) (13)

where:
deor = corrected range from position transmitter (cm)
Mpef = range measurement from reference transmitter (cm)
Mpos = range measurement from position transmitter (cm)
dref = actual distance from reference transmitter (Cm)
b =(.285 cm - delay in measurement electronics.

4.2.Converting range to coordinates

Equations 10,11,12 and 13 were implemented on the PUMA manipulator
controller to convert ranges from three receivers to Cartesian coordinates. The data flow
diagram in Appendix B describes how the algorithm was implemented. A 9600 baud serial
RS232 line links the digitizer to the controller. The state diagram in Appendix C describes
the communication.

5. RESULTS

5.1.Accuracy

Figures 6 and 7 show the improvement in accuracy for calm and breezy conditions
respectively. The mean error was improved by a factor of 5.5.
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Figure 6: Range accuracy in calm air
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Figure 7: Range accuracy in breezy air




The results up to now were with the reference transmitter placed at a greater range
than the position transmitter. Table I summarizes the degree of improvement when the
reference is placed at different distances relative to the position transmitter. The results
indicate that for best accuracy the reference transmitter should be placed at a range greater
than the position transmitter.

Table I : Mean error for different reference distances

reference distance/ sensor distance 0.37 1.4 2.0
calm raw(mm) 0.4 7.3 1.1
corrected(mm) 0.1 1.9 0.2

improvement factor 4 3.8 5.5

breezy raw(mm) 6.6 9.1 4.7
corrected(mm) 4.6 2.1 0.8

improvement factor 1.4 4.3 5.9

sensor distance = 1.6m

5.2.Sampling rate

Another important criterion, besides accuracy, is the sampling rate. Figure 8
describes the timing of the communication link. The first line show when the
measurements were requested and the second line shows when data were transmitted
back. Besides showing a sampling rate of 7 samples/sec, it also indicates that the speed of
sound is measured 35 msec after the measurement. This is well within the required 180
msec discussed in section 4.1.
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Figure 8: Timing diagram




5.3.0ther error sources

‘The most difficult problem to overcome occurs when the transmitter-receiver path
is blocked by the moving robotic arm. Errors can result from either sound passing
through the interfering material, Figure 9, or when the signal takes a different (reflected)
path, Figure 10. Figure 9 was generated by blocking the signal path with convenient
materials of different density (a piece of paper, a hand, and a binder) in front of either the
receiver or the position transmitter. Figure 10, showing multi-path error, was generated
by slowly moving the transmitter past a flat metal object. During both tests, the range was
kept relatively constant. Both sources of error are difficult to detect from the data alone,
except that in both cases the reported range increased.

S.4.Improvements

There are two solutions to the blocked receiver problem.

The first solution uses all four receivers, instead of three, to calculate the best
position. Data from a blocked receiver, detected by a sudden increase in range, would not
be used. However, the receivers would have to be perfectly aligned to avoid a jump in the
reported position.

A better solution would be to mount many transmitters on the end-effector. A
program would analyze the manipulator-receiver geometry to dynamically select the
unobstructed transmitter.
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Figure 9: Error caused by blocked signal
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6. CONCLUSION

An ultrasonic position measurement system has been developed for a robotic
surface scanner. The system developed used a commercial ultrasonic device. One
transmitter was mounted on the end-effector and three receivers were mounted on three
corners of a square board. The important criteria include accuracy, weight, work volume,
Cartesian coordinate output, and sampling rate. The weight of the transmitter (less than
20g) is a very small fraction of the payload . The working volume of the system is a cube
1.8m on the side, enough for a PUMA 560 manipulator. The output is in Cartesian
coordinates to simplify its use by the controller. When implemented on the PUMA 560
the calculation of a coordinate set took less than the 0.18 seconds required to maintain
accuracy. A second transmitter, placed at a known distance from one of the receivers,
was used to periodically measure the speed of sound to compensate for errors due to
temperature, humidity, and pressure; the result, the requirement for 1mm accuracy was
achieved -- a five-fold improvement.
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APPENDIX A: SATURATION PRESSURE AT VARIOUS TEMPERATURESS

Temperature Saturation pressure, Pg,¢
©0) (mm of Hg)
5 6.54
15 12.79
25 23.76
40 55.3







The data flow diagram below summarize how the subroutines communicate.
Thick lines represent either on/off control or event flags. Other lines represent discrete
data packages. Boxes represent subroutines, and narrow three-sided boxes represent a

data storage (files, global variables, stack, etc.). Pointed boxes represent an input or
output to either hardware or other software modules.




B-2

pespark
on/off

Tx error
source #

cale.cfactor

hanp 01/ off

cfactor ‘

[eerapnone ranges

wait
sec

sec/loop

trigger

on/o
sec

qgetdata

[Uphone

(T

“Tanges

cal.data

Sparker data




sources=1

get data [get pos

'Send Dcr

state=0

Txerrp ef data

state=1

!cclc cfactor]

get data

Pos data
Rx

State=2
source=1







DISTRIBUTION

Report Number: DREP Technical Memorandum 94-113

Title: Transforming an Ultrasonic Digitizer into an Accurate
Three-Dimensional Position Measurement System for
Robotic Applications

4 DREP

1 DSIS Report Collection

1 DCIEM Library







UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM
(highest classification of Titie, Abstract. Keywards) -

DOCUMENT CONTROL DATA
‘Security ciassification of title. body of sbstrect snd indexing snnotation must be entered when the ovarall documaent 18 classified)

1 ORIGINATOR (the name and address of the orgamizstion preparing the document | 2. SECURITY CLASSIFICATION
;0rgammuons for whom the document was prepared, e.g. Establishment sponsoring (overall security classification of the document
‘3 contractor’'s report, Or tasking agency. are entered in section 8.) including speciai warning terms f applicabiel

i
L

Defence Research Establishment Pacific
FMO Victoria, B.C.
_VOoS 1RO
TITLE (the comptets document titie as indicstad on the utie page. its classification should be indicated by the sppropriste
aooreviation {S.C or Ul in parenthases after the utie.)
; Transforming an Ultrasonic Digitizer into an Accurate Three-Dimensional
. Position Measurement System for Robotic Applications (U)

Unclas

)

4 AUTHORS  (Last name. first name, middie mitial)

jHardy, Gordon R.

§ DATE COF PUBLICATION {month and yeasr of publicatien of 6a NO. OF PAGES (towl 8b. NO. OF REFS (total cited
_ decument) containing inforemation. include document)
" July 1994 Annexes.lgopcndnces. etc.) 5
7 fDESCR|PTIVE NOTES (the category of the document, e.g. techmical report, technical note or memorandum. |f sopropriats, enter the type of
_report, e.g. interim. progress. summary, sanual or final. Give the inclusive dstes when a specitic reperting period IS covered.)
Technical Memorandum
8.

SPONSORING ACTIVITY (the name of the department project office or leborstory sponsoring the resesrch and development include the
; address.!

. Defence Research Establishment Pacific
FMO Victoria, b.C.
. VOS _1BO
Sa PICJECT OR GRANT NO. Gif appropriste. the applicavle resesrch | 9b. CONTRACT NO. (if sppropriste, the appircable number under

. ard deveiodment orolect or grant number under which the document which the document was written}
| was written, Please specify whether project or grany

i-.‘[;. JRIGINATOR'S DOCUMENT NUMBER (the officisl document 10b. OTHER DOCUMENT NOS.
" aumoer by which the document is identified by the originating
i activity This number must be unique to this document)

" DREP-TM-94-113

{Any other numbers which may
be sssigned this document either by the originator or dy the
soensor)

: DOCUMENT AVAILABILITY fany umitations on further dissemmation of the decument. other than those imposed by Security classificauon)

X
o

) Unhimited distribution
\
()
1
\

O:stribution limited to defence departments and defence contractors: further distributian only as approved
Distribution himited 1o defence departments and Canadisn defence contractors: further distribution only as approved
Oistribution limted 1c government depertments and agencies; further distribution oniy as approved

g Distribution umited to defence deoartments: further distribution only as approved
t + Qther ipiease specifyh

12, SOCUMENT ANNOUNCEMENT iany hritatien to the bibliographic announcement of this document. This will normaily correspond to

the Document Avalabiity (11). However. where further distribution (beyond the sudience specified in 11) 15 possibie, a wider
announcement audience may de selected.)

UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM

DCOCG3  2/06/87

I —e 1




UNCLASSLFIED
SECURITY CLASSIFICATION OF FORM

13. ABSTRACT { a brief and factual summary of the document [t may aiso sppear eisewhere in the body of the document itself. It s migniv
desirsole that the sbstract of classified documents be unclassified. Each paragraph of the apstract shall begin with an indicstion of the
security classification of the information in the pacagraph (uniess the document itselt 15 unclassified! representeg as (Sh (C) or (W}

It 15 not necessary 10 include here abstracts in both offical languages uniess the text is bilinguatl.

The Nondestructive Evaluation Group of the Defence Research Establishment
Pacific (DREP) has transformed a commercial ultrasonic digitizer into an accurate three-
dimensional position measurement system to guide a surface scanning robot. Four
ultrasonic receivers were configured to produce the three dimensional position of an
ultrasonic transmitter. By using a second transmitter to measure the speed of sound, the
accuracy of the commercial digitizer was improved by a factor of five.

14. KEYWORDS. DESCRIPTORS or IDENTIFIERS (technically meaningfut terms or short phrases that cnacacterize a document and coula be
hetpful in catsloguing the document. They shouid be selected so that no Security classification s required. Idenuifiers, such as eguioment
model designation, trade name, militery project code name, geographic jocation may also be included. tf possiole keywords should be seiesteo
from a puolished thessurus. e.g. Thesaurus of Engineering and Scienutic Terms (TEST) and that thesaurus-identifred. 1f 1t 15 not oossible to
select indexing terms which are Unclassified, the cisssification of each should be indicated as with the title.

robotic

ultrasonic
ultrasonic digitizer
accuracy

positioning
manipulator

PUMA 560
three-dimensional positioning
acoustic measurement
sensor

range

- SECURITY CLASSIFICATION OF FORM- -




