
c,
,

3
pm
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Abstract

The Intelligent Systems and Robotics Center of Sandia
NationalLaboratorieshas an ongoingresearchprogramin
advanced user interfaces. As part of thk research,
promising new transduction devices, particularly hands-
free devices, are being explored for the control of mobile
and floor-mountedrobotic systems.Brainwavecontrolhas
been successfullydemonstratedby other researchersin a
variety of fields. In the research described here, Sandia
developed and demonstrated a proof-of-concept
brainwave-controlledmobile robot system. Preliminary
results were encouraging. Additional work required to
turn this into a reliable, fieldable system for mobile
robotic control is identified. Used in conjunction with
other controls, brainwave control could be an effective
controlmethod in certaincircumstances.

Introduction

Starting in 1980, Sandia National Laboratories in
Albuquerque, NM, has developed a variety of mobile
robot systems. . Recently the Intelligent Systems and
Robotics Center has been exploring advanced user
interface concepts for mobile and floor-mountedrobotic
systems.

We desired to control the speed and direction of
movementof a small mobile robot, while in direct visual
contact with the robot, but without use of the hands.
Brainwaves (electroencephalogram,EEG) and muscular
movements (electromyogram, EMG) have been
demonstratedin a variety of control applications. These
include control of virtual aircraft [3], computer software
[5] [71,and robotic arms [1].Applicationsfor the disabled
have also been demonstrated in [2] and [6]. With t.hk
basis, we built and tested a proof-of-conceptsystembased
on a commercially available device, the CyberLink~

“ This work was uerformed at Sandia National Laboratories

MindMouse,to use brainwavesand small facial muscular
movementsto controlthe speedanddirectionof the robot.

System Description

A small mobile robot was controlled by wireless radio
from an operator control “station.”The system included
the followinghardwareelements:

1.

2.

3.

4.

CyberLink~ M1ndMouseinput devicewith electrode
headband.

Pen-basedcomputerfor translatingMindMouse data
into robot commands.

Radio transmitter, powered by a battery belt, for
sendingcommandsto the mobilerobot.

A Sandia-developedMini-RATLER~ mobile robot.
(SeeFigure 1.) -

The operatorwore the MindMouse,pen-based computer,
radio transmitter, and battery belt, which comprised a
completelyportable control station. This configuration
allowed the operator to follow the robot while driving in
orderto maintaindirectvisualcontactwith the robot.

The MindMouseis shippedwith softwarefor training the
operator to use brainwavesand small facial movements.
The operator used thk software, which included
challengingprogramssuch’asa labyrinthand MindTetris,
to becomeproficientin usingEEG and EMG to control a
cursoron the screen.

Encouragedby this success,we wrote custom softwareto
translate MindMouse data into mobile robot commands.
After assemblingthe system hardware and software, we
began initial testing of the system. As a result of those
tests, we determined a reasonable way to map input
actions to the desiredcontrol actions. Table 1 shows the
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.
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Figure 1: Schematic of the Level 4 array of ultrasonic
transducers

about 5 ft higher. Transducers are labeled “A” - “L” in
holes VTU41 and VTU42 and are labeled “A” - “P’
in hole VTU43. Transducers labeled “M’ - “P’ are
actually on the shaft wall. Figure 2 shows the location
of transducers within 2 meters of the shaft wall.

Paths are referred to by a combination of hole and
transducer for each transducer with the transmitter
first. For example: path “ lG-31S’ refers to transmitter
“G’ in hole VTU41 and receiver “K’ in hole VTU43.
As can be seen in Figure 2, this is a radial path. A ver-
tical path with the same origin would be “lG-3G’ and
a path tangential to the shaft wall would be “ 1G-2G’
(not shown).
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Figure 2: Side view (vertical is up) of a typical array
of ultrasonic transducers, showing selected transmis-
sion paths between holes 1 and 3 for the transducers
near the shaft wall. Additional transducers, located
deeper in holes 1 and 3 are not shown. Transducers
3M, 3N, 3P and 30 are mounted on the shaft wall.

3 Ai’i’ALYSIS

We now have nine years of data relating to the time-
dependent deformation of in situ salt under well-
known boundary conditions. Holcomb (1999) re-
ported results through 1997, showing an accelerating
rate of decrease in elastic wave velocity as a function
of distance from shaft wall at level 4, 626 m below the
surface. This paper reports results from the last two
years of operation, updating the results reported by
Holcomb ( 1999) which are related to the damage, due
to microcracking, required to produce the observed
changes. It is expected that the results will be useful
to other studies of the long-term deformation charac-
teristics of salt.
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3.1 Method

A combination of custom written software and Mat-
labl was used. The custom software was used to con-
trol the array operations, collect raw data and to con-
vert it into three databases, one for each level. Each
database has an associated index file which may be
read with an editor and is used by Matlab programs to
Iocate records in the binary database files.

Matlab is used to pick signal arrivals and analyze
the resulting time and amplitude data. When pick-
ing arrival times, it has been found helpful to pick
the input signals first, then using these data, roughly
pick the acoustic signal arrival. There is a reasonably
expected time between the input and output signals
which may be used to sort signals out of the noise.
When signal amplitude is low there is a tendency to
pick arrivals late which explains some of the scatter in
the most recent data. We do not place as much weight
on the recent data where the signals are of poor qual-
ity.

Rough picks are later refined by displaying several
traces vertically displaced on screen with their pick
points aligned. Normalizing the amplitudes of the dis-
played traces is also helpful. Once a clear arrival is
found on a few strong traces, usually near the mid-
dle of the data set, a prominent feature may be used
to assist in locating the arrival of weaker signals. By
displaying a good trace along with several others it is
possible to locate most signals including very weak
ones. Currently we display one good trace at the top
and bottom of the screen. We use the same trace on all
sets of data which establishes a consistent reference.

As noted above, we observe a reduction in signal
amplitude and an increase in propagation times. This
is consistent with Brodsky (1990) where amplitude
reductions of > 90% in WIPP salt were noted with
strains of 1YOin laboratory studies. We have not yet
quantified the amplitude reduction in our data. Brod-
sky also reported increases in propagation time of 5
to 10’%0with strains of 1?ZO.

3.2 Early data

Examination of the data shows low signal strength in
many early records which improves over the first 1-2
years, (1992- 1994). It is likely that the improvement
is caused by salt crystallization around the transducers
which increases coupling. Also, the early data show
an increase in propagation time at all radial depths.
This effect is probably explained by microcracking
induced by creep around the transducer holes.

1Matlabis a trademarkof The Math Works,Inc. 21 Eliot St.
SouthNatnick, MA, USA

3.3 Additional data

Data for late 1998 and 1999 have been added and an-
alyzed as an extension to those reported by Holcomb
(1999). This analysis has shown several inconsisten-
cies in the setup of the digital oscilloscope used to
record signals. The data collection process recorded
information needed to make corrections which are be-
ing made in the current analysis. These corrections
have filled in numerous gaps which were attributed to
anomalies in the previously reported data.

To date, our analysis has concentrated on the radial
direction which is the axis of minimum compressive
stress and along which there is a significant stress gra-
dient, going from zero at the surface to Iithostatic at
some depth in the wall. The vertical direction should
be the intermediate stress which is nearly constant
within the array, and the tangential stress is assumed
to be largest due to stress concentration around the
shaft.

Microcracking is expected to show the greatest ef-
fect for measurements in the direction of least stress.
Since cracking causes a reduction in acoustic wave
velocity we expect to see relatively larger changes in
the radial direction. Damage is however accumulating
in sufficient quantity to be evident even for propaga-
tion paths in the vertical direction but not for paths
tangential to the shaft wall.

3.4 Results

We will briefly discuss the radial paths starting far-
thest from the shaft and approaching the shaft wall.
Following that we will discuss two vertical paths, both
near the shaft wall.

Figure 3 shows data at the deepest radial path, lA-
3B. After an initial small increase in propagation time
there has been no change. This stabilization was ex-
pected since this path is in salt under lithostatic stress.

Closer to the shaft wall we see path 1G-3K (Fig-
ure 4) which is 1.5 m (5 ft.) long and ends about 0.6 m
inside the wall. There is a propagation time increase
of% 1‘%o.This path is far enough from the surface that
only the shallow end should see cracking sufficient to
measure by our method.

The next path we will consider is 1H-3L (Figure 5)
which shows an increased propagation time of =2Y0.

This path is the same length as lG-3K but is showing
a larger delay which implies greater cracking. Once
again, only part of this path is in the near shaft wall
region.

Path IJ-3N (Figure 6) is about 1 m long with the
receiving transducer on the shaft wall. This path ap-
pears to show rather large increases in propagation
time of near] y 18?ZO.However, the signal amplitude
is low enough to make arrival time picking difficult,
therefore a more conservative approach is taken by
discounting the later data, resulting in an estimated



change in time of N 12%. This increase in delay time
implies considerable cracking is present (see Brodsky,
1990).

The 0.6 m path lK-30, Figure 7; shows a loss of
signal in early 1998 when the signal level became
too attenuated to pick. There may be a larger crack
forming which blocks this signal. Extrapolation to the
present would yield an increased propagation time of
=13% which is consistent with the lJ-3N path.

Path IL-3P (Figure 8) shows the most dramatic in-
crease in propagation time. This path is the shortest
and is in the most deformed material. The last three
data points indicated a jump in travel time from 85 to
95 pseconds which seems implausible. We attached
little significance to these points because of weak
signals. Again a conservative interpretation has been
chosen and yields =25% time increase. This is a sig-
nificant increase when judged by results from Brod-
sky (1990) showing 10% velocity change as a result
of 1% strain. Radial stress is zero at the wall with tan-
gential stress greatest and vertical stress intermediate.
This will encourage crack formation which affects ra-
dial velocity most.

Figure 9 shows data for the deepest vertical path,
1K-3K, along which an increase in propagation time
was observed. This path is about 0.6 m from the shaft
wall and is 1.5 m long. The data show an increase in
propagation time of =270 which is consistent with ex-
pectations for a path in this direction and at this depth
within the wall. The vertical direction has an interme-
diate stress which should inhibit crack formation.

Finally path lL-3L (Figure 10), is a vertical path
1.5 m long located about 0.3 m from the wall. Along
this path we observe =4Y0 increase in propagation
time, consistent with the expectation of increased
damage as the shaft wall is approached.

4 SUMMARY

For paths far from the shaft wall there is no signif-
icant signal degradation and the propagation time is
constant, indicating that the array continues to func-
tion properly. An increase in propagation time in the
paths close to the shaft wall is evident, indicating con-
tinued rnicrocracking. Further, there is a reduction in
signal amplitude that complicates analysis.

There is significant signal degradation near the
shaft wall (< 1 m), which would be expected in the
presence of increased cracking due to the stress field.
The increases in propagation time continue and are
consistent with our assumptions and results described
by Brodsky ( 1990). Examination of the data for radial
propagation paths through the salt close to the shaft
wall shows that most of the microcracking is confined
to the first 1 m of the shaft wall.

Similarly, in the- vertical direction we see a clear
increase in propagation time, although the change

is small compared to the radial direction. This path
shows an increase of =2Y0. A path closer to the shaft
wall, lL-3L, shows an increase in propagation time
of =470. Beyond 1 m depth there is no detectable
velocity change in the vertical direction, which rein-
forces our conclusion that the DRZ is confined to the
first x 1 m from the wall.

5 FURTHER WORK

To date we have only looked in detail at the data from
the deepest level, (626 m below surface). A near term
goal is to analyze the data from the other two levels at
343 m and 480 m below the surface. Using data sets
similar to those used in this work for the other levels,
we expect to see somewhat smaller changes in propa-
gation time at the higher levels due to lower stresses.
As mentioned above, we are observing greatly atten-
uated signals. In an effort to improve this situation we
will try greater signal averaging to improve signal to
noise ratios and possibly increase input amplitude.
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Figure 3: Propagation time in the radial direction for the period 1992 to 2000 between transducers IA and 3B
at radial distances of 10 m (30.2 ft.) and 8 m (25.24 ft.) from the shaft wall in the Level 4 array at 626 m below
surface.
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Figure 4: Propagation time in the radial direction for the period 1992 to 2000 between transducers 1G and 3K,
radial distances of 2.1 m (7 ft.) and 0.6 m (2 ft.), in the Level 4 array.
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Figure 6: Propagation time in the radial direction for the period 1992 to 2000 between transducers
radial distances of 1 m (3 ft.) and O m, in the Level 4 array.
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Figure 7: Propagation time in the radial direction for the period 1992 to 2000 between transducers lK and 30,
radial distances of 0.6 m (2 ft.) and O m, in the Level 4 array.
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Figure 8: Propagation time in the radial direction for the period 1992 to 2000 between transducers lL and 3P at
radial distances of 0.3 m (1 ft.) and Om from the shaft wall in the Level 4 array at 626 m below surface.
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Figure 9: Propagation time in the vertical direction for the period 1992 to 2000 between transducers 1K and 3K,
radial distances of 0.6 m (2 ft.) from the shaft wall in the Level 4 array.
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Figure 10: Propagation time in the vertical direction for the period 1992 to 2000 between transducers lL and
3L at radial distance of 0.3 m (1 ft.) from the shaft wall in the Level 4 array at 626 m below surface.


