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SUMMARY

This program has surveyed sasveral types of tactile transducers
and tactile displays to determine their merit as a flight control in-
strumant as a method to reduce the pilots' visual workload. Prelim-
inavry phases have been reported in References 1, 2 and 9.

The laboratory evaluation of the tactile displays, in which four
instrument rated pilots acted as subjects, utilized difficult attitude
tracking tasks to measure the subjects' performance over a reascnably
wide frequency rvange. The tasks were single axis pitch or roll and
2 axis pitch and roll tracking. The simplified vehicle dynamics
represented the response of a high-speed fighter aircraft having good
handling qualities. 7The pitch and roll axes were perturbed by inde-
pendent quasi-random inputs used to simulate first-order Gaussian
noise having an upper break frequency of 2 rad/sec. In these diffi-
cull tracking experiments, tracking performance with the quantized
tactile display was poorer than the performance with an analog visual
display. When using the tactile dis .lay, the single-axis, average
tracking standard deviation (SD) score was about twice that for the
visual display. The two-axis tactile SD score was 3.6 times the
visual score. Both the 1 and 2 axis scores were better than the
scores obtained with the first tactile control display. The 2-axis
scores vere poorer than the l-axis scores because of inter-axis
masking and the difficulty in the differential perception of two
simultaneous tactual signals.

The final evaluation of the tactile display was conducted with
a simulator having F4 dynamics. To provide a more realistic experi-
ment, the roll, pitch and heave axes of the cockpit were controlled
by the simulation; and independent of the flight control, a visual
monitoring task was added to burden the subjects' visual workload.

ix




The experiments were run with two simulation models: high-speed

flight, wherein the subjiects were required to maintain constant mach
number while executing prescribed maneuvers, and an approach-to-
landing where either angle of attack or glide slope and localizer
errors were controlled. Each experiment was completed by six subjects
who were Navy Pilots.

In the high-speed flight experiments,'the tactile display of

" mach number error coasistently produced better SD scores than the
use of a standard mach number indicator, and the relative improvement
was greater when the visual monitoring task was added. No signifi-
cant changes in either control or monitoring performance were found
when the tactile display was used for angle-of-attack or path (ILS)
error information in the approach-to-landing task,

Fven when the visual mach number display was available, the
pilots appeared to rely on the tactile display for mach number control,
furthermore, all six pilots were willing to use the tactile display
as a supplement to the visual display of mach number in actual flight.

It is apparent that under certain conditions, a single-axis
tactile display can be utilized advantageously as an operational
instrument.

po—
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SECTION 1
INTRODUCTION

1.1 OBJECTIVES

In current aircraft, nearly all the flight parameter information

available to the pilot is trapsmitted to him visually, whether under
Tt has long been

the task of

visual contact or instrument flying conditions.
recognized that during instrument flying conditions,
scanning just the essential instruments is a taxing, Tatiguing one.
It may be that displays using information from other modalities can
alleviate the demands of this task. Furthermore, the importance of

maintaining continuous attention to the visual scene outside the cock-

pit is being increasingly realized for a number of situations. Tra-

ditional panel - mounted visual instruments do not permit this,

whereas display of information to other modalities could free the

eyes substantially from tasks inside the cockpit. Tactual presenta-

tions possess considerable promise of being suitable substitutes for
visual displays in flight-control applications. The goal of this
program has been to develop a tactual display that can be utilized

as a flight control instrument.

A systematic evaluation of a tactual display has been carried

out in three separate phases:
a, -"initial design and laboratory evaluation,

b. evaluation utilizing full task simulation, and finally,

c. a flight test.

1-1
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The program has encompassed the first two phases and has produced the
_following reports.

a. D. Ross, R. Sanneman, W, H. Levison, R. Tanner, and T. Triggs,
"Tactile Display for Aircraft Control’, Semi-Annual Technical Report,
Sanders Associates, Inc., Nashua, N. H, (AD757-344) January 1973.

b. D. Ross, R. Sanneman, W. Levison, R. Tanner, T. Triggs,
“Tactile Display for Aircraft Control'", Final Technical Report,
Sanders Associates, Inc., Nashua, N. H. (AD767-763), August 1973.

¢. D, Ross, R. Sanneman, W, Levison, J. Berliner, "Tactile
Display for Aircraft Control', Semi-Annual Report, Sanders Associates,
Inc., Nashua, N, H. (AD783-690) June 1974.

The work accomplished during the first year was conducted in

three parts and is reported in the first two references listed above.

a. Review and selection of elemental tactile transducers
(tactors) for operation in arrays.

b. DNDevelopment of tactile display configurations suitable for
applications concerning airecraft control problems.

¢, kvaluation of the man/machine tracking performance for single
and multi-axis data utilizing the tactile displays Logether with a
“nitable dvnamic tracking problem and an ancillary visual monitoring
task,

Tactile displays using bhimorph vibrators and electrotactors were
avaluated. The electrotactors were driven hy u short single polarity,
constant current pulse which to some produced a sharp sensation, con-
sequently further work was donc on the evaluation ol bhiphasic stimu-
lation which could be made more comfortable. In the formal laboratory
tests, two instrument rated pilots served as test subjects, The

1-2
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results of the evaluation showed that the tracking error scores ob-

ing a high visual scanning workload. The single-task performance
degradation found with the tactile display appeared to be a result

per se.

tions in order to obtain data for an "optimal-control™ model for
pilot/vehicle systems. The analytical effort expended on the model
provides a valuable backup and extension of the display evaluation.

predictions of tracking error scores when the vehicle dynamics are
wide-band, despite non-Gaussian pilot response behavior.

follows:
a. Redesign the tactile display to reduce time displays.

b, Evaluate the refined display under the same laboratory
conditions as prevalled during the first year tests,

19

P
i

-#

1-3

tained with the tactile display were a factor of three to four times
greater than scores obtained with a continuous visual display. How-
ever, the results also indicated the inter-task interference effects
are substantially less with the tactile display in situations impos-

of the display coding rather than the use of the tactual sensory mode

The laboratory tests were done with broadband disturbance func-

It was shown in the August 1973 report that the state-variable model
for pilot/vehicle systems can be used to obtain reasonably accurate

With this encouraging start, the second year's goals were set as

c. Evaluate the display utilizing a moving base aircraft simu-

§? lator.

w v

1" A full description of the display system and the laboratory tests
b have been presented in the third report listed above. In addition to
e the above program elements, a data fallout occurred which proved that
e
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coaxial electrotactors do not restrict skin current flow within the
bounds of the tactor, The tactile display had four major improvements.

e A programmable tactor excitation code.
o Independent axis control.

¢ Automatic stimulus intensity control for the electrotactor
display.

o Separate intensity controls for the x-axis and the y-axis
segments,

The laboratory tests indicated the display performance was im-
proved twenty-five to fifty percent referenced to the first year tests.

The final evaluation has been performed utilizing a moving ktase
aircraft simulator with F4 dynamics, more specifically, the simulator
and helicopter motion platform operated by the NMC Weapons Systems
Simulation Branch at Point Mugu, California. The program has in-
corporated the tactual display as a flight instrument during typical
flight problems,

1.2 EQUIPMENT DESCRIPTION

A detailed description of the tuctile control system has been
reported (9), however, portions of the description have been included
for peneral information, Descriptions of the P4 simulation and the
dynamic motion have been added to this section.

v

1.3 LABORATORY FVALUATION

The laboratory evaluation program utiiized four instrumoent ratoed
pilots as subjects to accomplish 3 goals; display optimization,




=3
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e

o

electrotactor and vibrotactor performance comparison, and the per-
formance measurements of the tactile display in single and double

axis tracking problems,

The results of the display optimization, tactor comparison and
the subject training data have been reported—(9 , as well as the
performance measurements. Since the model analysis work based on
this effort is now being reported for the first time, the performance
measurement data has been included to provide a more comprehensive
report.

1.4 SIMULATOR EVALUATION

The objective of these experiments has been the determination ol
the tactile display utility as an instrument for providing flight-
control information in a moving base simulator having realistic air-
craft dynamics. These tests were run with two operational models,
high speed cruise and approach to landing. Motion in pitch, roll and
heave were used to provide cockpit dynamics., In the high-speed
cruise model, the tactile display indicated mach number error.

The task required maintaining constant mach number while maneuvering
through prescribed flight paths., The Tactile Display provided either
angle-of~attack, or glideslope and localizer errors in the approach-
to-landing model. Conventional instruments were also used to provide
a porformance reference. All flight tests were run with and without
an added visual monitoring task that was independent ot flight control,

3
3
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SECTION 2
BQUIPMENT DESCRIPTION

2.1 GENERAL

The equipment used for this phase of the prosram consisted of the
tactile display, the simulator and the visual monitoring task. The
tactile display system has been discussed in fair detail in the June
1974 Technical Report (9), however, for convenienre, portions of the
report are repeated in this section.

2.2 TACTILE CONTRNI, SYSTRM
The Tactile Control System presented in Figure 2-1 consists of
the following parts. o

a, Tactile Control Unit (%CU). qutrin the rigure, contains the
logic eireuitry and all the contfols necessary for the functionnl
operation ol the svstem, The visual display in the middle of the
panel is removable for remote viewing. The front panel is Lllustrated

in “{eurns 2-2,

b, Pactite Power Suanply (PPS), riehl in the Fheare, contains Lhe

dystem power supnlles and the power conivrol switcehes,

¢, Two nlectrotaetor displays, both of which have the same cone
Fleueation and incorporate silver, coaxial eleelratactors,

d. One vibrornctor display emploving bimorphs as the oleetro-
machanienl vibration transducers.

o, Two cutarenus display belts, one of which is shown under the
vibrotactor displav, .

2-1
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For this phase of the program, one display format has been sc-
lected; it is an arfay using eight tactors per axis, four for each
axis polaritv and no central, common tactor. Each axis is a complete,
independently controlled channel to allow simultaneous data presen-
tation to both axes. In order to increase the versatility of the
system, a switch is available to allow either independent data display
for each axis, or an alternate-axis display sequence., A number of
tactor excitation codes are available and, if desired, each axis can
have a different code.

2.2.1 Display Format, Only one format has been labricated for the
displays, it is an XY avray having no central tactor and with 4
tactors in each leg as illustrated in Figure 2-3. The size of the
array is fixed, i.e., the tactors are not movable, It is well Kknhown
that tactile spatial resolution is generally not high, thus it is
advantajznous to separate the tactors as much as possible: however,
for convenience, the tactile display should be small. Therefore, n

" compromise has been made by fixing each axis length to 9 inches.
This allows 1-1/8 inches between tactors in oach axis leg and 2 inches
botween the central tactors. '

One of ﬁhe final slectrotactor displayvs is shown in Figure 34,
The eloctrotnctors ave coasial and have silver olectrodes.  The 0D i
1 with an inner electrode area of 17 mnz and an outar electrode
- nren of 57imn2. ' ' ’

Figure 2-5 ix the vibrotactor display resting on one of the boels
uxed to apply the display to the body. The 1 mm diadeter probes usid
1o vibrate the skin is driven with n piezoglectrie crystal (bimerph)
held as a cantelevor and is capable of providing a penk foree of 0
arums al 150 volts, A one-inch square pressure pad surrounds the
0.25 ineh probe ¢learance hole in order to minimize the effoects of
skin wave propagation,

2.4
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Figure 2-4 Electrotactor Display

Figure 2-5 Vibrotactor Display.
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2.2.2 NDiaplav Coding,  The taetile display consists of two, parailel
channels each capable of presenting polarity sensitive control error
data,  The channels are operated independently to the extent that each
ean utitize a separate display code. For these experviments, the same

code (No. 3) was used Tor each channel.
There are two controlling annlog input sienals for each axis:

® NT is the analow signal that is quantized to 3 levels
(A, and ), presently corrvespondine to 5, 30, and

70 reent of Fpll sewetie,

e T is the analoe signal that direclly eontrals the tactor
excitation pippte rate from 4 Lo 30 [k,

The input data divoctly controls the Ceetile displiny such Lthat
anye control error vardation 2111 be Lransposed to catangous communi -
eation stenals, Durine an excitation wequence of cae axis, 2, 3, or
4otnetor stimalus sariods can bo goncentad as datesmined by which
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2.2.3 Tactor Excitation. The tactile displays are fabricated using
two different tactor types, bimorph (piezoelectric) vibrotactors and
electrotactors. The bimorph excitation sighal is a six cycle burst
of 170 Hz, 140 Vrms; and the electrotactors are excited with seven
cycles of biphasic constant current pulses. Representative sketches
of these signals are illustrated in Figure 2-6(a). The resulting
stimulus period for either of these signals is 30 milliseconds or
about as long as the 30 Hz period occurring at the maximum ripple
rate, In Figure 2-6(bh), the X-axis tactor (1, 2, 3) stimulus periods
are shown for Code 1, level B presentation with the ripple rate less
than 30 Hz.

2.2.4 Block diagram, The tactile display system block diagram is
presented in Figure 2-7. As stated, each axis is independently con-
trolled, thus the system basically consists of fwo parallel data

channels, the X-axis and the Y-axis. They are synchronized only when
the alternate-axis display mode is selected. The system description
is presented in four parts: analog signal processor, tactor contvol,
electrotactor display and the vibrotactor display.

2.2.5 Apalog Signal Processor. The analog signal processor derives
its inputs from either the manual controls on the front panel of the
Tactile Control Unit (TCU) or from an external control system such

as the P4 simulator. For each tactile display axis, two analog sig-

nals are required, VNT and V%.

The F4 simulator computation voltages are * 100 Vdc full scale;
they are rescaled to the #8 Vde full scale voltage used in the tactile

display, The MAN-SIM switch on the TCU front panel selects either
the analog signals from the SIM receptacle or from the four controls
located on the front panel,

The VNT signal for each channel (X, Y) is the input to the three
level quantizer and the polarity control. The three levels (A, B, C)

for both axes are set by the same voltage divider network, The initial
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(a) TACTOR STIMULUS SIGNALS
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DISPLAY '
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(b) TACTILE DISPLAY PERIODS

Figure 2-6  Tactor Stimulus Signals and Display Periods.
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quantization level reference voltages are A > 0.4V, B S 2.4V, and

C > 5.6V, which correspond to 5, 30 and 70 percent of full scale.
This resistor network is mounted on a plug board to facilitate
changing the reference values when desired. To‘minimize the number
of comparators, the absolute value of the analog signal is used. The
quantization levels (A, B, C) control the number of generated clock
periods (2, 3, or 4) and are used as variables in the tactor period
logic for the selection of various tactor excitation codes. The
levels are alsoc inputs to the automatic electrotactor intensity con-
trol. The polarity signal (PX or PY) is used in its respective
tactor gate generator to determine which of the two, four tactor
sets of one axis is to be used.to display the error data, i.e., is

the data polarity positive or negative.

The absolute values of the T data signals (]X|) and (|¥]) are
used to control the clock rates at which the tactor stimulus periods
are generated. The minimum clock pulse rate is set at 4 Hz in order
to eliminate excessive display time delays that would occur at lower
rates. The maximum clock rate is 30 Hz. The ]i| and |§] signals are
also used in the auto-intensity control for the electrotactors.

2.2.6 Tactor Control, The tactor control section generates the
number of clock periods determined by the quantization level (A, B,
C) at the rate decreed by the % input., This is done by counting the
clock pulses and generating gates equal to the interval periods be-
tween sequential clock pulses.

The four possible clock periods <T1’ TZ’ ’1‘,3 and T4) are combined
to form six multiple period combinations (i.e., T2T3, T1T2T3» etc, ).
The four clock periods and their combinations serve as inputs to the
code selector where they are programmed by the selected code plug-
boards, and combined with the quantization levels to produce the
desired tactor gate sequence. There are four outputs for each axis,
TIS’ T26’ T37 and T48' Each output controls one of two tactors pend-
ing the polarity of the NT signal, for instance T15 will control

2-11




tactor No. 1 if the axis VNT signal is negative and will control
tactor No, 5 if the polarity is positive.

2.2.7 Electrotactor Display. The electrotactor gate generator ac-
cepts the clock gates from the code selector, the polarity signals,
and the biphasic pulse pairs. It then generates the tactor stimulus

periods from the clock gate, then, with the polarity signal, routes
the biphasic pulses to the proper tactor drivers.

The clock gate onset is coincident with the leading edge of the
clock pulse, A post clock pulse is generated coincident to the trail~
ing edge of the clock pulse. The post clock pulse is ANDed with the
clock gates to produce the SOS (stimulus onset signal) for the tactor
pair (such as T15) having its related clock gate at a "1" level. The
S0S resets the stimulus pulse counter which then begins to count the
pulse pairs, and gates the pulse pairs, in conjunction with the po-
larity signal, to the proper tactor drive circuit. When seven pulse
pairs have been delivered, the counter is turned off, awalting its
next S0S, The tactor driver converts the low level logic signals
to the required high level constant current pulses required to exceed
touch threshold.

The biphasic signal described in reference (2) is used as the
tactile stimulus, The signal consists of a short burst of seven
negative and positive, square, constant-current pulse pairs at a
200 Hz rate, as illustrated in Figure 2-6(a).

The maximum pulse widths are 20 us and there is a fixed period of
22 us between the bheginning of the negative and the positive pulse.
The constant-current magnitude of the pulses is controllable from the
front panel which is accessible to the subject. An operating peak
current range of 3 to 20 milliamperes is provided.

There are 3 current level controls, one for the X-axis and two
for the Y-axis, The X axis is applied laterally on the abdomen and
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when centrally located, the average touch threshold at each tactor
site of the two, 4-tactor sets is equal and a single control is ade~
gquate, TFor the Y-axis, which is oriented longitudinally, the touch
threshold varies, requiring separate intensity controls for the upper
and lower 4 tactor sets of the array. It is probable that in a future
operational system, the individual tactor drivers could be trimmed

to the relative mean touch threshold of its location; then with one

intensity control, all tactors could be optimally controlled.

Prior data has indicated that the electrocutaneous sensation in-
tensity increases proportionately to the number of tactors being
excited ahd the rate of excitation; or, in other words, proportional
to the power dissipated in the skin(lz). With the range of excitation
codes and ripple rate, it would be impossible to maintain a single,
constant level of cutaneous sensation, thus a feed-forward intensity
control is used to coatrol the excitation pulse width. If the pulse
widths are reduced to about 5 us, the Louch sensation is extremcly
low even when peak currents of 20 to 25 milliamperes are used, honce
controlling the pulse width between 20 and 5 us provides a very afflec-
tive intensity control. The pulse width control has been quantized
such that 20, 17, 14, or 12 us pulses #ill be genarated, 7The decis-
ion logic used to select the pulse width is based on the quantization
level, ripple rate, and inter-axis intensity magnitudes,

2.2,8 Vibrotactor Display., The vibrotactor display aceepls the SOS
from the electrotactor gate generator, the polarity signals, and the
bimorph power (170 Hz, 140 Vrms)., As for the alectrotactor channetl,
the S0S resets a countor which in turn opens the related vibrotactor
gate., The gate is ANDed with the polarity signal to turn-on the
desired tactor via its driver. The tactor driver converts tha lopgic
leval vibrotactor gate to the power level necessary to ture on tho
trinc used to switch the 140 Vrms to the selected tactor. With the
gate open, the bimorph oxcitation begins with tho noxt 170 liz zeroe
cross-over point. When the counter roaches its full count ol six
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cycles, the vibrotactor gate is closed by the next 170 Hz zero-cross-
over, thus terminating the stimulus period.

2.2,9 Visual Display. The front panel LED (light emitting diode)
display has three main functions: as a monitor to establish proper
system operation, as an aid in training subjects, and as an operational
display to establish a performance .reference for the selected display
format and code. The LED visual display has the same format as the
tactile displays but with the lights closer together. The display is
fabricated such that it can be used with an extension cable for re-
mote viewing. The drive signals for the LED's are derived directly
from the electrotactor gate generators.

2,3 FLIGHT SIMULATOR

The simulation configuration was assembled to allow monitorinyg
and control of all information available to the pilot, his reactions,
and simulator status, The integration of the flight simulation with
the control and monitoring components is illustrated in Figure 2-8.
The major components of the system are as follows:

a) P4 Flight Simulator

b) Dynamic Motion Platform

¢) Data Acquisition System

2.3.1 P4 Adrcraft Flight Simulation. The F4 flight simulation
utilized two flight programs for a general purpose, Baeckman 1100
analog computer, A complete description of the simulation appears
in an in an informal NMC report (10).

The first program is a Mach 2 Cruise model covering all volocities
from Mach 0.4 to 2,0, all altitudes from sea level to 65,000 foet,
and all maneuvers such that normal acceleration of the aircraft does
not oxceed 7g's. This model was programmed for general Mach 2 flight
studies and the F4 parameters were chosen largely for convenience,
however, the following chock was made to assure correspondonce boetween
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the model and the actual aircraft. The model was trimmed for 1 g
level flight at an altitude of 10,000 feet and a velocity of Mach 0.93.
For this initial condition, a step aileron deflection of maximum
magnitude was applied and the time to bank to 100°, the bank angle at
one second, and the steady state roll velocity was measured. The
results as compared to F4 flight test data are give in Table 2-1,

TABLE 2-1 Comparison of Simulation with F4 Flight Test Data

Characteristics Flight Test Data  Simulation Data
Time to bank 100°¢ 0.9 - 1.2 sec 0.8 sac
Roll angle at 1 second 120° - 128° 129°
Steady State Roll Velocity 190° - 255°/sec 240°/sac

The Landing Model is valid for velocities from Mach 0.1 to 0,4
and altitudes from sea level to 4000 feet. This model was con~
structed primarily for carrior landing studies. Because the flight
regime for this model is very restricted, the aerodynumic coeffici-
entg and air density ratio were assumed constant. Errors in this -
docision amounted to less than 2% along the approach glideslope.

- The model doss include a Approach Power Compensator (APC) system,
‘which when aetivated senses angle of attack and normal acceleration
und varieos engine thrust to maintain the proper approach glideslope.
All experimental trinls were made with the APC system fnoperative
leaving the pilot in complete control of the afrceraft.

2,3.2 Dynamic Motion Simulator. The dynamic wmotion simulator was
designed and fabricated with 6 degrees of freedom for helicepter
studies. Only 3 degrees of motion, roll, pitch and heave were used
for the present tactile conirol evaluation, An externalrviow of the
platform is presented in Figure 2-9 and a view of the fustrument
punel in Figure 2-10, The entire windshield aren of the cockpit was
covered to force the pilot to fly on instruments.
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Figure 2-10

Instrumont Pancl of Simulator Cockpit.
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2.3.3 Data Acquisition System. The data acquisition system reccives

analog data representing flight parameters, pilot control response,
and digital data representing test status and visual monitoring task
information. The digital information was displayed on a panel for
easy identification of test status and proper operation of the visual
monitoring task generator and as well as pilot response to the visual
monitoving task.

Real time print-out of the flight parameters was available on
request at any rate desired from every sample taken to one sample each
16,000 samples. The data sample rate, originally specified to be 20
samples/second, was eventually reduced to aboul 3 samples/second due
to the slowly varying nature of the parameters being monitored. Typi-
eal data swmmary print-outs are shown in Figure 2-11, All data was
priatsd to a three decimal reselution,

The eruise modal datn perieds were under operater control. The
aaperimanter was provided with g "seore” switeh which initiated and
eontrellnd the data ecallpction periond. Far the landing model, the

data enllection period was automatically defined batwoen the altitudaes-

af 800 feet and 10 feet, The landing flights orviginated at an alti-
tude of 1100 feat and were on a stabilized dacent path by 800 feot

altitude, Thus the approach ean Lo tréatnd s b steadvy =tpte control
prablem with a single set of performance statistics vollected tor the

“entire approach,

2.4, TACTILE EQUIPIENT

The taetile vontrol unit (TCC) and its companion power supply
werae mounted in the cockpit on the right side of the pilot's sent.
The Tactile Display (either vibrotactor or clectrotactor) worn by the
pilot was then simply plugged into the TCU after he positioned
Wimself dn Lhe cont and unplugged the display prior Lo his oxiting
frota the cockpit,
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The Tactile Display equiwment was checked regularly for proper
operation and proved to be reliable and easy to maintain. For the
cruise model, the mach number error from a set value of 0.9 was dis-
played using the tactile display. The scaling was such that a 0.1
mach error provided a full scale tactile display. With the landing
model, the localizer error and glideslope error were both simultane-
ously displayved using the vibrotactor array. TFor this experiment
the 11l scale error indication represented an error of +80 feet for
#lideslope and +80 feet error for localizer.

2.5 Visual Monitoving Task., The visual monitoring task (VMT) was

added to diveet a portion of the pilot's visual attention away {rom
the instrument panel. A folding mirror was tocated nhead of the in-
strument panel such that the pilot could monitor the CRT of a verti-
eatly mounted escilloscopa. The task requived the pilot to indicato
the presence of a 1 KHz sinusoid masked in white noiso. A simulation
of this display is illustrated as part of Figure 2-10, A more de-
tailed description of the VMY is presented in parawraph 4.2,2,

d-21




¢
i
X
&

N
Ko, b

S
S, F

SECTION 3
DISPLAY EVALUATION - LABORATORY

3.1 GENERAL

The laboratory display evaluation consisted of optimizing the
tactile display, comparing the operational characteristics of the
electrotractors and vibrotucturs, and evaluating the optimized display
to obtain both performance data and model analysis data. 7The display
optimizing and tactor type couparisons have been reported (9) and are
not repeated at this time. Code 3 (pgragraph 2.2.2) and independent
axis control provided the best performance and the vibratactors had
a slight edge in the tactor comparison. TFor the display evaluation,
four instrument rated pilots served as the test subjects. Their
instrument flight time ranged from 150-1000 hours. The training data
is well documented (9) as well as the perrormance measurements,
however, since the model analysis has been derived from the performance
measurements and is being presented, the performance measurement data
is reprinted in order that all the formal experimental data is

contained in this final report.
3.2 TRACKING TASK

The laboratory tracking tasks were designed to explore the limits
of performance with the various tactile display configurations.*
Accordingly, the subjects performed a simulated, wide-bhand, attitude
tracking task of the type used in the previous study(z). The simpli-
ficd vehicle dynamics were intended to represent the response of a
high-speed fighter aircraft having good handling qualities (3, 4).

It was hoped that this experimental situation would encourage the

A

*We assume that the displays which provide the best performance in a
somewhat stressful tracking task will also be the ones that provide
the best performance in less severe tasks of the type contemplated
for ultimate application.
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subjects to work hard at the tracking task, and allow measurements
of pilot performance over a reasonably wide frequency range using both
electrotactor and vibrotactor displays.

Specifically, the pitch dynamics were of the form:

K (s + 1/T,)
9 (o) = 0 0 . (3.1)

2 o . 2
e s(s” + ugwos + mo)

and the roll dynamics were:

K
¢ =
£ = 5w @.2)

Values for the dynamic parameters were:

T, = 0.50 sec*

€]
w_ = 6.0 rad/sec
o

£ = 0.85
Tr = 0,3 sec ,

and the control gains were:

K, = 50
K, = 10

*A Tg on the order of 1.0 second is more commonly associated with high~
speed pitch dynamics., But because the hand control used in these
experiments allowed a very rapid control response, it was necessary
to lower the value of Tg to provide reasonable response dynamics.
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The pitch and roll axes were perturbed by independernt random-
appearing inputs which were applied as vehicle disturbances. The

§£[ transfer funciion reiating pitch response to pitch~axis disturbance

= had the same form as the pitch/control relationship shown in Fqua-

§§ tion (3.1) except that the numerator contained no root. The voll-axis
disturbance was applied in parallel with the pilot's control input.

Both disturance inpuis were constructed by summing together

g? 12 sinusoids of random phase relationships to simulate first-order

L Gaussian noise processes having break frequencies of 2.0 rad/sec.

™ Input amplitudes were adjusted during training to vield nearly equal

EE pitch and roll mean-squared error scores for the visual display

- condition,

{

A Lwo-axis hand control provided independent control inputs
to the pitch and roll axes. The control was primarily a force-
sensitive device (0.12 cm of stick motion per newton of force) and

could be manipulated with wrist and finger motions.
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3.3 PERFORMANCE MEASUREMENT

The primary objective of the formal experiment was to quantify the
interaction between the pilot and tactile display in terms of pilot-
related model parameters. A secondary objective was to provide a
comparison of tactile tracking performance to performance with.a

continuous visual display.

3.3.1 Experimental Conditions. The simulated attitude regulation
task was performed alternately with the tactile and continuous visual

displays. Performance measures were obtained for each axis tracked

separately, as well as for the combined pitch-roll task.

Two levels of input amplitude were employed for tactile tracking
so that display-related threshold effects could he guantified.

7
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Because of the higﬁ-performance scores obtained with the tactile
display, input amplitudes used with this display were lower than the *E
level used with the visual display. ak

The various conditions explored in this experiment are listed
in Table 3-1. Input amplitudes are shown relative to the amplitude .
used with the visual display. To the extent possible, the various ;E

tasks were presented in a balanced order.

TABLE 3-1
EXPERIMENTAL CONDITIONS

.,

No. Replications

Tasks Rel. Input Per Condition ?
Display (P=Pitch; R=Roll) Amplitude Per Subject ot
Visual P, R, P+R 1.00 : 2 ;
Tactile P, R, P+R 0.50 3

Tactile P, R, P+R 0.25 3

3.3.2 Tracking Performance. Average standard deviation (SD) scores* -
for error are shown in Figure 3-1. Pitch- and roll-axis scores are .-
given separately; they have not been combined into a single, total-

~

performance measure. o

*The standard deviation score was computed as: -

I, N J1/2 -
1 =2

SD=|% 5 (X, - Xx) i
L‘ S J .

where x; is the ith time sample of the variable "x", N is the number
of samples obtained during the scoring interval, and x is the mean
value of x4 computed from the N samples. This measure is equivalent
to the "root-mean-squared" measure with the contribution of mean error
removed. Note that each 8D score represents a single, integrated
measure of performance - it does not reflect a trlal to-trial or L
pilot~to-pilot variability in performance.
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ERRCR STANDARD DEVIATION

(Machire Units)

1-AX1S 2-AXIS
o) ® PITCH
[} ] ROLL
TACTILE
0.4
0.3
VISUAL
0.2(—
0,1
0.0
0.25 0.50 0.75 1.00

RELATIVE INPUT AMPLITUDE

Figure 3-1 Effect of Input Amplitude on Error SD Scores
{Average of Four Subjects)
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The performance scores shown in this figure and throughout the
report are given in terms of analog machine units. One machine unit
of error corresponds to 2 cm vertical deflection of the visual error
presentation for pitch, and about 50 degrees rotation for roll. One
unit of control effort represents approximately 7.7 newtons of force,

The tactile tracking performance was poorer than performance
with the visual display. When corrected for differences in input
amplitude, the single-axis tactile scores were found to be about
1.9 times as large as the visual scores; this is a considerable
improvement over the corresponding figure from last year of 3.5.

The two-axis scores, however, were found to be about 3.6 times as
large as the visual scores; only a small improvement over the figure

of 4.8 from last year,

The scores associated with the tactile display were considerally
closer to varying proportionately with input amplitude, than last
year's scores, Extrapolation to zero input yields a smaller (positive)
non-zero score, suggesting that the thresholdlike effects are reduced.

Significant inter-axis interference effects were found with both
the visual and tactile displays, although the size of the effect was
much larger with the tactile display than with the visual display.
With the visual display, the 2-axis pitch and roll scores were about
7 percent greater and 20 percent greater, respectively, than the
correosponding l-axis scores; while with the tactile display (averaging
over the two values of input amplitude), the 2-axis pitch and roll
scores ware about 100 percent greater and 140 percent greater,
respectively, than the corresponding l-axis scores, The large increase
in relative difference from last year (when Lhe 2-axis tactile scores
wera about 35 percent greater than the l-axis scores) ig due to the
substantial decline seen this year in the l-axis tactile error scores,
while the 2-axis scores diminished only glightly.
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As was the case last year, use of the tactile display often
resulted in pulse-like control inputs, whereas the visual display
allowed continuous-looking control activity. However, the tendency
towards pulsed control was somewhat reduced from last year, at least
in the single-axis runs, despite the fact that the subjects were again
instructed to use whatever strategy they felt gave the best perfor-

mance.

We made a limited examination of this aspect of the data and
noted what appeared to be generally three types of control activity:
pulsed, oscillatory, and continuous. Data collected during the final
testing period which illustrate these different control techniques
are shown in Figures 3-2 - 3-6, Figures 3-2 - 3-4 are sample time
histories of error and control signals in tactile tracking, while
Figures 3-5 and 3-6 contain amplitude deunsities of control input.

Figure 3-2 represents a two-axis tactile tracking run in which
pulsed control behavior is evident. Control pulses wore typically
applied in a sequence of single pulses to alternate axes, with
occasional bursts of pulses on a single axis, Pulses within a
sequence were separated by about 0.8 second. The anplitude density
of the pitch control signal corresponding to this run is included in
Figure 3.5B as subject RF (triangles), As expected, the pulsed control
behavior produced a highly non-Gaussian amplitude density having a
large poak associated with zero control activity.

Figure 3-3 represents a single-axis tactile pitch tracking run
An which large portions of the control signal appear oscillatory.
Although the boundaries of the individual oscillatory segments are
sometimes ill-defined, we would judge that intervals between oscillatory
segments ranged up to about 10 seconds, and the duration of individual
segments ranged up to about 15 seconds. ‘The period of the oscillations
is on the order of 1 - 1.2 socond, a frequency in the neighborhoood
of 5.7 rad/sec. The amplitude density of the cantrol signal

-
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Figuro 3.2 Time Histories of Error and Control Signals.
Subject RF; Task = Pitch+Roll ’
Relative Input Amplitude = 0,25
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Figure 3.4 Time Histories of Error and Control Signals
Subject JK; Task = Pitch+Roll
Relative Input Amplitude = 0,50
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corresponding to this run is included in Figure 3-5C as subject JK
(diamonds). The oscillatory control behavior produced a highly non-
Gaussian bimodal density, with the two peaks associated with the

limits of the oscillatory control motions,

Figure 3.4 represents a two-axis tracking run in which the pitch
control activity appears continuous, although the roll control appears
oscillatory. The amplitude density of the pitch control signal corre-
sponding to this run is included in Figure 3-5D as subject JK
(diamonds). As expected, the continuous control behavior produced
an approximately Gaussian amplitude density.

Although not shown in these figures, different segments of some
individual runs contain different types of control behavior. For
example, in one run the subject began by pulsing, switched to osecilla-
tions, and then returned to pulsing. As a result, the control ampli-
tude density f{rom that run was roughly Gaussian, although the control
uetivity was definitely not continuous,

Keeping in mind that Figures 3.5 and 3-6 consist of data from
ohly one eighth of the runs performed during the final testing period,

_‘and that combinations af the diffevent control strategies may exist

within an individual run, we make some general observatious regarding
control behavior. Both one- and two-axis tracking with the visual
display produced continuous control aectivity with Gaussian amplitude
densities. (Sre Figure 3<6.) Tracking with the tactile display
-produced various types of control wetivitier, (See Figure 3-5.)
Two~axis tacetile tracking produced mostly pulsed control behavior
with peaked amplivude densities. Singleo-agis tactile tracking
produced a mix of pulied, oscillatory and eontinuous control behavior.
The amplitude of the input disturbances had little effect on contirol
behavior ia tactile tracking.
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The reasons for the different types of control behavior are not .

altogether clear, although it is possible to make some judgments ‘g

about them. 1In the two-axis control situa.ion the pulsing seemed

to be a means of dividing control activity between the axes. :é
Apparently, subjects who used a pulsed control switched their atten-

tion and their control efforts back and forth between the two axes, '§

while the subject who responded continuously, without pulsing had -k

learned to monitor and control both axes simultaneously. i

4

It appeared that the oscillatory control inputs and the corre- .

sponding bimodal control amplitude densities may have resulted from

a resonance in the closed-loop man-machine system. For example,
consider the run plotted in Figure 3-3, A comparison of the pilot
describing function relating pitch error to pitch coentrol with the
vehicle dynamics transfer function, shows that at a frequency of about
5.6 rad/sec, where the phase shift around the loop is about 3609, the
loop gain is about -1.,8 dB, a gain margin of less than 2 dB, Con-
sequently, there is a resonance in the closed-loop system at about

a frequency of 5.6 rad/sec. This is in agreement with the periodieity
seen in the control waveform of Figure 3-3. Furthermore, the driviang
noise wng, in fact, not Gaussian white noise, but rather a sum of

12 sinusoids, one of which had a frequency of about 5.6 rad/sec,
Consequently, this component of the input disturbance may have exeited
'the corresponding resonance in the closed-~loop wvystem, thoreby
dominating the control input waveform, and producing the Limodal
vontrol tuput amplitude density.

3.4 MODEL ANALYSIS

Yodel analysis was undertuken with the following two cbjectiven:
(1) determine how the improvements in the taetile digplay from last
year were reflected in changes in display-relatod model parametors,
and (2) demoontrate the uttlity of the pilot/vehicle model 0 predicting
syatem performance with the taetile display. Because of the non-
Gaussian pilot control activily, the pilot/vebicle model must ugain be

J-14




[ S
[ sicas

4

Feann

3
*

«

applied with caution. Although we do not expect accurate prediction
of detailed control behavior, it is possible that reliable predictions

of tracking error can be obtained.

As last year, except for an initial calibration of display-
related parameters, emphasis was on predicting, rather than matching,
experimental results., We again adopted the following strategy for

model analysis:

a. Match the experimental measurements obtained for the single-
axis pitch task with the visual displayv in order to determine pilot
time delay, motor time constant, and observation noise/signal ratio.

b. Match the data from the single-axis, large-input pitch task
with the tactile display.

c. Use the parameter values determined above to predict the
effects of input amplitude, multiple~tasks, and system dynamics on

system performance.

Data fitting was again performed by an informal search of the
model-parameter space and was terminated when visual inspection
revealted a "good" match between model outputs and experimental
measﬁrements. In general, error and control scores were matched
to within 10 percent, and pilot describing functions and control

spectra were matched to within 2 or 3 db. All data used for comparison

with model results represents average performance of the four test

subjects.

3.4,1 Visual 1-Axis Pitch. An acceptable match to single-axis pitch
performance with the visual display was obtained with a time delay

of 0.2 second, a motor time constant of 0.11 second, anh observation
noise/signal ratio of approximately -20 db, and a motor noise/signal
ratio of about -25 db., The parameter values are nearly identical with

R L P




[

the values from last year, and are consistent with previous analyses

1
s . . H
of single-variable laboratory tracking tasks (5, 6). ;J
Comparison of experimental frequency-domain measures with model %l
results is provided in Figure 3-7. Note at this time, the comparison
is shown for the ratio of remnant-related to input correlated compo- g]
nents of the control spectrum. e
3.4.2 Tactile Tracking: Single-Axis, Large-Input Pitch. Having ¥J
quantified the pilot-related parameters on the basis of visual track- :
ing, we then attempted to predict differences between visual and {}

tactile tracking performance from an analysis of the tactile display
properties alone. Perceptual time delay was incremented to account
for the delay imposed by the tactile coding scheme. The size of the
increment had to be recomputed for each experimental condition becruse
of the dependent relationship between tracking error and display-
related time delay. The display period associated with the error Sb
score was used to make a rough estimate of the time-delay increment. -
The tactor circuitry was redesigned this year so that the tactor o
ripple rate was updated more rapidly. Consequently, the delay incre- »I
ment was not a whole period, but just the timc to the next pulse, "
An incremental time delay of approximately 0.18 second was derived ?j

for the single-axis, large-input pitch task. This increment was
added to the 0.2 second delay determined from the visual tracking éi
data to yield a combined pilot-display time delay of 0.38 second.

Since a minimum tracking error of 0.05 unit was required to
genetrate a tractor sequence, an effective threshold Yo of 0.05 units s

o~

was assumed for perception of error displacement. .

[

Although we first tried an essentially infinite threshold for
error rate based on the discrete nature of the display, this led to
a poor match with the measured pilot describing function (the predicted
gain was generally too low especially for frequencies above about
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8 radians/sec), as well as with the measured remnant spectrum (the
predicted remnant was somewhat too low below about 1 rad/sec, and much i !
too high above about 8 rad/sec). A much better fit was obtained when )
this threshold was lowered. Apparently, the subjects were able to §!

obtain error rate information directly from the more frequentliy up-
dated tactor ripple rate. Although there was no explicit threshold e
on error rate, because of the threshold on error, the error rate iJ
information was not available during a certain fraction of the .y
experimental run, i.e., whenever the error was below the error %mi E
threshold., Consequently, as an approximation, we picked the error ;
rate threshold, &O, to be the same fraction of the measured rms error g} é
rate, rms(€), as the error threshold, Y, Wwas of the measured rms -
error, rms(e): ;]
wd
. R o s
Vo = rms(e) O] . i

This led to an error rate threshold of 0.15 units for the single-axis !

large-~input pitch task. .

Values for motor time-constant and observation noise/signal
ratios were assigned the value. determined from the visual tracking : J !
experiments. Like last year, the motor noise to signal ratio had -

to be increased from the -25 db value from visual tracking. However, :

it only had to be raised by 5 db to -20 db, whereas last year it had !
to be raised by 10.5 db to -14.5 db. The hypothesis suggested last .
vear that this increased motor noise was needed to account for the o
pulsed control behavior is consistent with this year's finding that
somewhat less pulsing was observed and less motor noise was needed,
This year the error SD score was matched to within 2%, although the
control SD score was only matched to within about 18%. As may be seen !
from Figure 3-8 a fairly gcod match to the frequency-domain measures

was obtained.
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3.4.3 Tactile Tracking: Effects of Input Amplitude, Additional

Axis and Vehicle Dynamics. Except as noted below, model parameter

values determined in the preceding calibration effort were used to

predict the effects on system performance of (a) & change in input

amplitude, (b) the addition of a second axis of tracking, and (c) the
The time

effects of changing the vehicle dynamics from pitch to roll.

delay and error rate threshold were recomputed in each case (as

described above), and the effects of central attention-sharing in the
two-axis task were representgd by a doubling of the observation noise/
signal ratio (see References 7, 8).
ing these predictions, as well as those used in the preceding calibra-

tion efforts, are shown in Table 3.2,

TABLE 3.2

VALUES FOR PILOT-RELATED MODEL PARAMETERS

Parameter values used in obtain-

Parameter Values

Experimental Condition T 'I‘n yo yo Py Pm
l-axis pitch, visual disp. .20 .11 0.0 0.0 -20  -25
l-axis pitch, tactual .38 W11 0.05 0.15 -20 -20
disp., larger input
1-axis pitch, tactual .49 11 0.05 0.13 =20 -20
disp., smaller input
2-axis pitch, tactual .29 W11 0.056 0.13 ~-17 =20
disp., larger input
l-axis roll, tactual .39 W11 0.05 0.13 =20 =20

disp., larger input

v = effective perceptual time delay, seconds

T = motor time coanstant, scconds

= motor noise/sighal ratio, db

3-20

= rate threshold, machine units

= displacoment threshold, machine units

= obsorvation noise/signal ratio, db
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A comparison of predicted and measured error and SD scores
is provided in Figure 3-9. Except for the visual tracking scores
and the l-axis, larger-input pitch scores, all model results are true
predictions; parameter values have not been adjusted to provide the

=

best match in each case.

ey o

? 3.4.3.1 1l-Axis Pitch, Small-Input. The single-axis, small-input
pitch error SD score was predicted to within about 12% (and within

I one standard deviation) of its measured value, while the control SD
score was only predicted to within 21% (about 1-1/2 standard devia-

‘] tions). From Figure 3-10 it may be seen that the predicted describing

|

s

function gain is generally about 4 db too low, while the predicted
remnant is generally about 3 db too high.

. 3.4.3.2 1-Axis Roll., The single-axis roll error SD score has pre-
i I dicted to within about 6% (and just within one standard deviation)
of its measured value, while the difference between the predicted
i and measured control SD scores was negligible. From Figure 3-11 it
' may be seen that while a good mutch was obtained to the pilot describ-
ing function, the measured pilot remnant was somewhat lower than

Li predicted at low frequencies.

3

3 3.4.3.3 2-Axis Pitch and Roll. The poorest predictions occurred when

. the roll task way added to the largor-input pitch task. The predicted

Eé ervor and control 8D scores were, respectively, 53% and 36% too small;
tn both cases they were more than 2 standard deviations from the mean

E} SD scores.  From Figure 3-12 it may be seen that in the limited region

wvhere we were able to measure it, the predicted deseribing function
: guin is from 1 to 7 db too high, and the predicted remnant is from
P 4 to 9 db too low.

Ve feel that this poor match in the two~-axis case was due to the
inability of the subjects to control both axes simultaneously. Our
basis for this judgoment is the observed practice of the subjects to

R P e T
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FIGURE 3-7, MEASURED AND PREDICTED SD SCORES.
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divide their control activity by alternately pulsing the two axes.

As noted in Section 3.3.2 the pulses were separated by about 0.8 sec-
onds, so that successive pulses to the same axis were separated by
about 1.6 seconds. The large time delays intrcduced by such a switch-
ing strategy may well have been responsible for the high error scores
obtained for this task, although no attempt has been made to match

the data by assuming & larger time delay. Incidentally, the lowest
error 8D} score was obtained by subject JK whe exhibited the least
pulsing activity; the predicted error score was 32% smaller than his
score.

3.4.4 Relation to Last Year. Although we did not analyze all these

factors separately, the reduction in error scores in tactile tracking -

from last year was due to the reduced threshold for error display,
the shorter time-delay imposed by the coding scheme, and the avail.
ability of error rate during one-axis tactile tracking. The changes
in threshold and time delay were 1htentionally designad into the
tactor eircuitry this year and were predictable impyovements in the
display., It was not expected, however, that the error rate would be
directly available; this was only dotermined via the wodel analysis.
This analysis showed that it was responsible for a reduction in error
8D scores of roughly 20%.
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SECTION 4
DISPLAY EVALUATION - SIMULATION STUDY

2

4.1 OVERVIEW

The objective of this phase of the evaluation study was to
determine the utility of the tactile display as an instrument for
providiag flight- control information in a moving base simulator
having realistic aircraft dynamics., Display effectiveness was based
mainly on objective measures of aircraft control and pilot monitoring
performance.

The simulation study was performed at the Naval Missile Center
(NMC), Pt. Mugu., California in a cooperative effort invelving both
8BN and NMC personnel. The NMC analog simulator was programmed to
simulate aireraft dynamics comparabile to that of the F4 aircraft ip
two configurations: high-speed crnise and appreach-to-landing.
Coekpit motion in pitech, rell, and heave wax provided by the dell
helicopter simulator.

Two seis of experiments weve performed (1) high-speed flight,
cousix'inp of a series of linked steady-state maneuvers, with the
tactile display providing an indieation of mach number error; and
(2) approach-to-landing, with the tactile display providing either
unpgle~of«attack (AOA) error or glideslope and localigser errors., All
conditions were explored with and without a secondary monitoring task
to investigate the capability of the tactile display in relieving
visual workload of the fiightucontrnl task.

All flight-contrel information presented to the pilot through
the visual sense was provided by panel instruments; no presentation
af “real-world” visual cues wus attetapted (other than vizual cue’ that
might be obtatned due tn cockpit motion). All reference to “visual"
prosontation of flight-control {nformation in this section refers to
information cbtained from the panel {nstruments.

4-1




A description of the apparatus and procedures common to the
two sets of experiments is given below, followed by discussion of the
individual experimental tasks and results.

4.2 APPARATUS AND PROCEDURES

Apparatus and procedures specific to this experimental program
are discussed here.

4.2.1 Displays. The simulated cockpit panel included most aircraft
instruments needed for flight control, plus some instruments related
to fuel management. All instruments were electro-mechanical; no
electronic informational display of flight information was provided.
Table 4.1 shows the most relevant information quantities provided by
the cockpit instruments for the high-speed and approach experiment::.
(Heading information could not be provided due to a persistent mal-
function of the compass,)

The tactile display provided one-~dimensional infermation (mach
numbeyr error, AOA error) as well as two-dimensional information
(Piteh and roll errors, glideslope and localizer errors) on sepurate

experimental trials. ¥ith one exceptinn, the coding scheme determined

"best" from the laboratery study was used throughout the simulation
study. Coding format #J (defiuad in paragraph 2.2,2) wag used:
“arror” magnitude information controlled both the number of tactors
excited (from 2 to 4) and the rate of stimulation of succesrive
tactors (using an outside-to-center ripple sequence). Full-renle
orrox initiated a ripple of 30 Hz on all four tactors. Iadepradent
presentation of error information on the X~ and Y-axis apms of the
tactile display way adopted for all 2-dimensional error displays,

Tactile display of localizer error differed Trom thisg formut
only in that maximum error produced a ripple vite of 15 Hz., The
subjects requusteod the lower display sensitivity for thiz varfable
in order to improve their ability to distinguish between glideslope
and localizer errors,



TABLE 4-1
COCKPIT YNSTRUMENTATION

a. Most Relevant Flight-Control Information

Relevant to Relevant to
Cruise Approach
Flight Variable Experiment Experiment
Pitch and Roll X
Turn-Bank X
Rate of Climb X
Altitude X
Localizer and Glideslope Errors
Angle of Attack
Mach Number X

b. Other Instrumentation

Airspeed
Percent Throttle

The bulk of the simulation trials with tactiie displays were
performed with vibrotactors. A few trials were performed with
electrotactors to provide some comparison between the two tactor
types in the simulation study. (The reader is referred to Reference 9
for a formal laboratory comparison of vibro- and electrotactors.)

The unwillingness of the NMC pilots to use the electrotactors for
more than one or two experimental trials precluded a comprehensive
evaluation of this form of tactile stimulation in this phase of the
study.

4.2.2 Visual Monitoring Task., When this study program was conceived,
it was anticipated that the primary benefit of tactile display of

flight-control information would be to relieve the instrument scanning
workload, thereby allowing more time for the pilot to attend visually
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to events outside the cockpit. Accordingly, a visual monitoring task
(VMT) was implemented to provide the pilot with a visual task, unre-
lated to the primary task of flight control, that would direct a
portion of the pilot's visual attention away from the instrument

panel.

The monitoring task consisted of shape detection in which the
pilot was to detect the presence of an intermittently-presented
sinusoidal '"target" waveform inbedded in a continuously-displayed
"noise". The pilot indicated signal detection by depressing a finger-
operated switch mounted on the control stick.

The test signal was presented on a CRT located at a viewing
distance of about 2 m, The pilot was required to "look through the
windescreen' in order to observe this signal. The active area of the
display was about 6 cm horizontally. (See Figure 2.10.)

The target consisted of a 1 kHz sinusoid, displayed at a sweep
rate sufficient to display 10 cycles of the target in the display
area. The amplitude of the target was adjusted according to the
desired signal/noise ratio. The noise signal consisted of wide-band
Guassian noise having an rms level of about 2 cm.

The time history of a response trial is shown in Figure 4-1,
When present for a given trial, the target occurred within the
"observation interval® of 0.5 sec. The pilot was afforded the entire
“response interval" of 2.5 sec. (i.e., the duration of the VMT trial)
to respond to the presence or absence of the target. A response
initiated anywhere in this interval was considered as a iesponse to
the observation interval of the same VMT trial, Such a response was
scored as a correct detection or false alarm, depending on whether
or not a target was preseat during the observation interval.
Similarly, the absence of a response was scored as a missed target

or a correct null response., If a response overlapped two response
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intervals, it was associated with the interval in which the response
was initiated. If more than one response was initiated during a
response interval, only the first such response was counted. The

following VMT performance scores were computed:

P(D/T): probability of a detection given the occurrence
of a target (correct detection)

P(D/N): probability of a detection given noise only
(false alarm)

The probability of a target occurring during a given response
interval was 0.5; successive VMT trials were statistically independent.
Task difficulty was adjusted through variation in the signal/noise
(S/N) ratio (defined as the ratio of the rms amplitude of the target
to the rms amplitude of the noise). Because of the differing
capabilities of the test subjects, the S/N ratio was adjusted for
each subject in an attempt to maintain an approximate avervage detection
performance of 70% correct detection. The S/N ratic was kept fixed
for a given subject during aata collection so that the interactions
between the detection task, the flight-control task, and the display
configuration could be explored. The average S/N ratio was -10 dB
for the simulated high-speed maneuver and ~5 dB for the more difficult

approach task,

4.2.3 Task Requirements and Performance Measurement. The pilot's

primary task was to minimize deviations of relevant flight variables
from their desired trim values. Simulated wind-gust disturbances were
.included in the analog simulation to provide a reasonable task work-
load.

As described more fully later in this section, the flight tasks
were structured as a series of steady-state maneuvers (e.g., straight-
and-level flight, constant climb, approach). Performance scores were
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computed during steady-state flight for all relevant display variables
(shown in Table 4-1) and for control quantities as well (elevator,
aileron, and throttle deviations). The primary measure of performance
was the "standard deviation" (or "SD") score, defined as in

Section 3.3.2. Performance scores were computed digitally from
samples of data obtained every 300 milliseconds (i.e., each flight
variable was sampled about 3 times/second). The subjects were
informed of their performance scores during the training phase.

4.2.4 Subjects. Experimental test subjects were recruited from
flight-qualified NMC personnel. The flight experience of these sub-
Jjects was varied, as it was not feasible to restrict the study to

a subject population having a homogeneous background. Subjects for
whom data are reported ranged in age from 27 to 38 years. 8ix subjects
participated in the first experiment (high-speed flight) and six in the

second (approach). Four subjects were common to the two groups.

4.3 EXPERIMENT 1: HIGH-SPEED FLIGHT

4,3.1 Task Requirements. Each training and data-collection trial

consisted of a series of 12 steady-state maneuvers ("phases'")

performed in the sequence shown in Table 4-2. Each simulated, 12 phase
"flight" lasted approximately 30 minutes, including the transition

time between phases. During each phase, the pilot was required to
maintain flight variables as close as possible to the following trim
conditions:

Mach Number: 0.9 units for all phases.

Altitude: constant except for climb and dive.

Attitude: pitch trimmed appropriately for the task;
wings level except for steady bank.



Speed brakes were deployed for the 45-degree dive (phase 9); for
all other flight phases, the aircraft was in a clean configuration.

TABLE 4-2
HIGH-SPEED FLIGHT PROFILE

Phase Task Description Duration (Min.)
1 Straight and level, 10,000 ft. 4.0
2 Climb at 12,000 ft/min to 35,000 ft. 2.5
3 Bank left 45° at 35,000 ft. 1.0
4 Right bank 45° at 35,000 ft. 1.0
5 Descend at 4,500 ft/min to 24,000 ft. 4.0
6 Straight and level, 24,000 ft. 3.0
7 Right bank 60° at 24,000 ft. 1.0
8 Left bank 600 at 24,000 ft. 1.0
9 Dive at 45° to 10,000 ft.* 0.5
.10 Straight and level, 10,000 ft. 3.0
11 Climb at 6,000 ft/min to 30,000 ft. 3.5
12 Straight and level, 30,000 ft. 1.0

*Speed brakes fully deployed.

4.3,2 FExperimental Conditions. The tactile display was employed to

provide an indication of mach number error during the course of this
experiment. A deviation of 0.1 unit was defined as full-scale error
Jdisplay (threshoisd of 20,005 unit); that is, zero error corrcsponded

to 0.9 mach unit, with full-scale negative and positive errors corre-
sponding to 0.8 and 1.0 units, respectively. Polarity of the presenta-
tion was such that a positive error (too fast) stimulated tactors in
the upper arm of the display.

A two-fuctor experiment was pertormed: (1) prosence or absencu
of the VMT, (2) display configuration. Half the data trials were
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performed with the addition of the visual monitoring task described
above; half were performed without this secondary task (i.e., flight-

control only).

The following three flight display configurations were explored
in this experiment: (a) visual only; (b) visual instruments plus
tactile display of mach number error; (c) same as condition (b) but
with the visual display of mach number obscured. The last condition

was included in the study to help us determine which sensory mode

was primarily relied upon for speed-error information when both tactile

and visual information was available. In addition, we expected that
the pilots would learn more rapidly to interpret tactile display of
mach number error if, in fact, there were no alternative source of

similar information.

4.3.3 Training and Data Collection. The experimental plan followed
for the high-speed flight simulation is shown in Table 4-3. The test
pilots were first provided "free" time in the simulator to familiarize
themselves with the response of the simulated aireraft, They then
practiced the flight profile (Table 4-2) with and without the VMT,
using visual instruments only.

To facilitate interpretation of the information provided by the
tactile display, the subjects were first allowed Lo provide their
own inputs to the display through the manual controls on the tactile
control unit (see Figure 2-2), Next, the tactile unit was driven
by a simulated mach number "error". The cockpit mach pumber instru-
ment was driven by the same error signal; in all other respects, the
flight simulator was in the reset mode. In this way, the pilots
learned to relate tactile sensations to mach number deviations, The
subjocts were glven one practice "flight" on each of the four display
confipgurations involving tactile presentation of mach number ervror
(i.c0., with and without the VMT; with and without use of the visual
display of mach number). Fach subjoct then flew one dati-collection
trial of ecuch of the six experimental conditions,

4-9
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TABLE 4-3
EXPERIMENTAL PLAN FOR HIGH-SPEED FLIGHT

Display Conditions

Visual Visual Tactile
Monitoring Mach Mach No.
Program Phase _.Task Number Error
Initial Familiarization, - X -
Cockpit Instruments X X -
Initial Familiarization, - X X
Tactile Display

Training With - - X
Tactile Display X - X
- X X
X X X
i X X -
- x -
Data Collection X X X
- X X
X - X
- - X

Order of experimental conditions counterbalanced across subject
for data collection.

Training trials were presented in the order shown in Table 4-3
tor all test pilots. During data collection, however, ordering of the
conditions was counterbalanced among the subjects to the extont
possible to avoid biasing the results due to learning effects and/or

fatiguo.

Coordination was maintained as follows between the experimenter
and the pilot to assure that performance scores would be computed
only for the steady-state phases of the flight profile:
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a. The experimenter announced the desired maneuver to the pilot

over the intercom,

b. The pilot transitioned the aircraft to the desired state
and informed the experimenter that he had achieved the required

steady-state condition.

c. The experimenter initiated digital computation of performance
scores by starting a timer set to the desired scoring interval
(Table 4-2),

d. Performance computations were automatically terminated at the
end of the scoring interval, and the experimenter informed the pilot

of the next maneuver.

4.3.4 FExperimental Results. Preliminary analysis of variance (A of V)
was performed on the root variance scores for mach number error as
well as on the probability of detecting a VMT target in order to
determine waether or not (1) performance with the tactile display
depended on the presence or absence of the visual mach number instru-
ment, and (2) the four phases of stralght-and-level flight in the
flight profile could be considered as replications of the same task.
The A of V tests failed to reveal statistical significance in either
case. Therefore, all data obtainoed with the tactile display operative
were pooled (in this experiment only) for comparison with the visual-
only display, and the four straight-and-level phases were treated as
roplications in further A of V testing. All results presunted for
this experiment are the average of 6 subjects.

Standard deviation (8D) scores for the importunt flight variables
are shown for straight-and-level flight in Wigure 4-2; also shown is
the probability of detecting a target presented by the VMT.*

*Only the P(D/T) score has been analyzed. Occurrences of false a.arms
were so infrequent (there were many trials with no false alarms) that
meaningful analysis of the P(D/N) score was precluded.
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a. The experimenter announced the desired maneuver to the pilot

over the intercom.

b, The pilot transitioned the aircraft to the desired state
and informed the experimenter that he had achieved the required
steady~state condition,

c. The experimenter initiated digital computation of performance
scores by starting a timer set to the desired scoring interval
(Table 4-2),

d. Performance computations were automatically terminated at the
end of the scoring interval, and the experimenter informed the pilot
of the next maneuver.

4.3.4 Fxperimental Results. Preliminary analysis of variance (A of V)
was performed on the root variance scores for mach number error as
well as on the probability of detecting a VMT target in order to
determine whether or not (1) performance with the tactile display
depended on the presence or absence of the visual mach number instru-
ment, and (2) the four phases of straight-and-level flight in the
f1ight profile could be considered as replications of the same task.
The A of V tests failed to reveal statistical significance in either
case, Therefore, all data obtained with the tactile display operative
were pooled (in this experiment only) for comparison with the visual-
only display, and the four straight-and-level phases were treated as
roplications in further A of V testing., All results presunted for
this oxperiment are the average of 6 subjects,.

Standard deviation (8D) scores for the important flight variables
are shown for straight-and-level flight in ™igure 4~2; also shown is
the probability of detecting a target presented by the VMT.*

*Only the P(D/T) score has been ananlyzed. Occurrences of false d.arms
were s0 infrequent (thore were many trials with no false alarms) that
meaningful analysis of the P(D/N) score was precluded.
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The addition of the VMT resulted in larger SD scores for most flight
variables; that is, the secondary visual task detracted from the
performance of the primary flight-control task, as one might expect.
0f greater relevance to this study, however, is the effect of the
tactile mach number error display on performance.

Figure 4-2 shows a beneficial effect of the tactile display on
both detection performance and regulation of mach number. Use of the
tactile display resulted in a 20% reduction in SD mach number error
in the absence of the VMT task and a 25% reduction when the monitoring
task was required. In addition, the probability of missing a target
(computed as 1-P(D/T)) was approximately halved through use of the
tactile display. A of V revealed that improvements in detection
performance and regulation of mach number were both statistically
significant at the 0,001 confidence level. Use of the tactile display
did nol consistently affect performance along other dimensions, anu
whatever differences were observed were, for the most part, not
statistically significant.* Thus, for straight-and-level flight,
the tactile display improved flight performance and reduced the
scanning workload of the flight-contvol task.

The subjects apparently relied primarily on the tactile display
ol mach number error when both tactile and visunl information was
presented. Since both speed control and signal detection improved
when the tactile display replaced the corresponding visual display,
the subjects were clearly able to reiy solely (and beneficially) upon
the tactile display for speed information, The lack of a significant
difforence in performance when the visual display complemented the
tactile display implies that the pilots continued to rely upon the
tactile display for speed information even when the visual instrument
was available.

*A confidence 1level of 0.05 is our criterion for judging statistical
significance.

4-12

-8

L]
weomrd

L] A ]
ot o

o

. .
po——

Pen—

[ay—y




SO S

S5

Visual Tactual
Variable VHT No VMT T No VMT
Mfach No. Error (units) L0105 .0083 .0079 .0067
Piteh (degrees) 1.02 1.10 1.10 .82
Roll (degrees) 3.32 2.63 3.43 2.45
Throttte (percent) 3.6¢ 1.75 5.7G 1.52
Altitude (100 feot) 2.10 1.64 2.19 1.50
Elevator (degrees) .207 L3456 .302 . 259
Alloron (degrees) . 364 L3817 .338 259
VT _Score PD/T) .778 ,878
h,()::; jﬁ: - 03 ¢ ‘

R e B

Sl .- oo

28.0)
e

FRNUYY S SR (N »vqm:ijiJ © O v
A 0 x0 vy

1. .
Y
A Jo
[ T S e R _m_n@g._.A‘? UV SUS—
LA 3NFY | . .
HACIE NO. PITCH ROLL  THROTTLE ALTUTURE FLEVATOR ATLFRON  \MT
ERROR (DEG)  (DEGY (%) ERRON (DEG) (LEG) PnsTY
(0.01U81T) {FEETY
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Because of the clear difference 1n task difficulty, results
of the 45-degree-bank task (phases 3 and 4) and the 60-degree-bank
task (phases 7 and 8) were analyzed separately. Average performance
scores for these two tasks (averaged over left and right bank) are
shown respectively in Figures 4-3 and 4-4. With the tactile display,

detection performance improved in both cases (significant at the T
0.001 level for both tasks). Although mach number error was more B
tightly controlled in both tasks, the percentage improvement was R
appreciably greater for the 45-degree bank. Differences in mach &

number error were significant only for the 45-degree bank (0.05 level).

The effects of the tactile display on other flight variables
were not statistically significant except for pitch and roll scores
in the 45-degree, no-detection task (0,05 level), and in both cases,
SD scorves were lower with the tactile display. Thus, as with straight-
and-level, the tactile display afforded improvements in both the
flight-centrol and detection tasks,

The two climb and descend flight phases were analyzed separately.
Figure 4-5 shows that, except for the 45-degree dive, that tactile
display consistently rasuited in a reduced 81 speed error seore,

In somy cages, deviations in mach aumber were roduced by about 50%,
All four tasks showed a slight improvement in monitoring performance

when the tactile display was used,

The insensitivity of speed contivl to display configuration
in the d5-degree dive was most likely due to the fact that speed
was 'imited (in this tark only) by the acrodynamic action of the
speed brakes, rather than by throttle countrol. Since the brakes were
not continuously controlled during this phasre {(they were fully
deployed), contrel of mach number wax not dependent on the niature
of the informational taputs to the pilot.
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Because of the subject-~to-subject variability, analysis of vari-
ance failed to reveal statistical significance for most of the per-
formance differences shown in Figure 4-5. Nevertheless, because
performance improvement was found for hoth speed control and monitor-
ing in all four subtasks (with the single exception noted above),
we consider the tactile display to have demonstrated a true beneficial
effect in the climb and dive phases of the flight profile.

Each subject was familiarized with the electrotactors upon com-
pletion of the experimental plan shown in Table 4-3, and one simu-
lated flight was performed by each -subject with the electrotactors
(visual mach number instrument covered, VMT task required). Figure
4.6 compares average mach number error SD score and detection perform-
ance for the two tactor types (straight and level flight). Detection
scores were virtually identical for the two tactor types. The mach
number error SD score was about 15% greater with electrotactors;
this difference, however, was not found to be statistically signifi-
cant, As discussed below, there was a considerable subjJective dif-
ference between the tactor types, with the vibrotactors strongly
preferred,

4.3.5 Subjective Evaluation., A written multiple-choice type ques-
tionnaire was given to the test piiots to explore subjective differ-

ences betwecen tactor types and to determine the pilot's evaluation
of the tactile display as a potential operational device, Since
pilot acceptance will be mandatory if this type of display is *o
become operational, a brief review of the results of this question-

naire is in order.
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Al11 six pilot§ felt that the simulated aircraft was controlled
better with the vibrotactors than with the electrotactors. All
pilots felt the vibrotactors were comfortable to use after they had
received some training, ranging in their opinions from "slightly
comfortable" to "very comfortable". Five of the pilots, on the
other hand, considered electrotactors 'not at all comfortable" to
use, while the remaining pilot thought them "slightly comfortable'.
When asked which tactor type was preferred overall, four of the
pilots expressed a strong preference for the vibrotactors, whereas
two expressed no preference. All six pilots expressed a willingness
to use the vibrotactile display as a supplement to the visual display
of mach number in actual flight, whereas only one of the subjects was
willing to use the electrotactors in actual flight (and then only
with certain modifications to the display).

4.4 EXPERIMENT 2: APPROACH

4.4,1 Description of the Task. The pilots were required to "fly"

simulated approach-to-landing trials during the second experiment.

The task was designed as a steady-state tracking task: the parameters
of the gust disturbances remained stationary during the course of the
flight, and the glideslope and localizer instruments were programmed
to indicate consistent full-scale errors of 50 feet.* The pilot's
task at all times was to minimize deviation of aircraft parameters
from the trim condition appropriate to approach,

The aircraft was initialized on the approach with zero trim
error at a simulated altitude of 1400 feet. Airspeed and rate-of-
descent, respectively, were 132 knots and 10 ft/sec., Simulated
approach continued down to (but not including) touchdown, for a trial
time of about 140 seconds. SD and monitoring performance scores
were computed for the last 60 seconds of each trial.

*Tt is not uncommon in actual flight to program these indicators
to display deviation in angular parameters, in which case the
offective display scaling increases as touchdown is approached.
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The major relevant flight instruments used in this task were
as shown in Table 4-1.

4.4.2 Experimental Conditions. As in the preceding experiment there
were two experimental factors: (1) presence or absence of the VMT,

and (2) display configuration.

Two different uses of the tactile display were explored in sepa-
rate trials: (1) angle-of-attack error, and (2) glideslope and lo-
calizer errors. Each of these conditions was explored with and with-
out the capability to observe the corresponding (visual) cockpit in-
strument. In addition, the all-visual display was explored as a
baseline, making a total of seven display configurations.

Display scaling and directional conventions were as follows:

a. Angle-of~Attack Error, AOA above the 12-degree trim setting

stimulated the upper arm of the display. Full-scale error corres-
ponded to about 4-1/2 degrees deviation from trim (display threshold
of 0.23 degree).

b. Glideslope and Localizer, Compatibility was maintained
with the ILS cockpit instrument. Aircraft too high on glideslope
stimulated the lower display arm, and aircraft to the right of center
stimulated the left arm. Full-scale error to the tactile display

represented approximately an 80-foot error for both glideslope or
localizrr (display threshold of 4 feet, or 30% of altitude during
last part of scoring period).

4.4.3 Experimental Plan, The experimental plan for the approach
experiment is shown in Table 4-4., As in the first experiment, the
pilot was allowed to familiarize himself with the use of tactile
information in a nonflight setting prior to each new use of the tac~
tile display., Tralning flights were flown by each subject in the
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TABLE 4.4

EXPERIMENTAL PLAN FOR APPROACH-TO-LANDING

Display Conditions

Use of Corresponding Visual
Tactile Visual Monitoring
Program Phase Display Display Task
Initial -
Familiarization None X
Training AOA - -
Error - X
X -
X X
Trainiug ILS - -
Error - X
X —7.
X X
Data

Collectinn

All of the above conditions periormed
in a counterbalanced order. 7 -
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order shown, whereas ordering of conditions was counterbalanced for

anta callectiow.

e
£

" Each stibject received about 6 runs for the two initial familiari-

2
or g

ization conditions and 4 or 5 training trials for each of the condi-

Wi,

ftiousainvolving tactile display of AOA and path error. Four or five
f{}ghtsiger condition were flown for data collection.

")

gt

. ,;14.§14. Experimental Results, Although 6 subjects participated in
- this experiment, part of the data base for two subjects was lost

during the recording process., Accordingly, the results presented

~ for fhe approach study represent average performance for four pilots.

PR

7 The effects of display conditions and the VMT on glideslope
-~ ~and localizer errors are shown in Figure 4-7; effects on AOA error

eI
-

score ‘and monitoring performance-are shown in Figure 4-8. Unlike
' the high-speed flights, these results revealed no statistically

gy
Beosw

‘,feﬁiZnificgnt-improvemegﬁsiin elther flight-control or detection per-
formance. ' "

.7 Control .of- lateral path deviation (as indicated by the localizer

. 'f'errbr score) was mostraffected by the -display configuration. Error '
.év, _ ®mcures were greatest when ILS information was provided solely by the

" tactile displdy. 1In a number-of trials, this display configuration

caused the entire flight (at least the porticn for which scores were
computed) to be flown with the localizer showing full~scale* error of
50 ft. It should be noted, however, that the difficulty of the

lateral path regulation task was increased by the absence of an
operating heading indicator. Thus, the pilots may have been required
in this simulation study to obtain more precise information (especi-

e ally rate information) from the ILS indicator than is usually the case.

. * The range of the ILS indications of glideslope and localizer error
« was + 50 feet, as opposed to the larger range allowed with the
tactTle display, :
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Glideslope regulation was much less affected by display configu- .
ration. Neither the glideslope SD score nor the AOA error score . g
were consistently effected by the presence or absence of tactile in-
formation. Detection performance did appear to improve somewhat with
the addition of tactile information, although this difference was not
statistically significant.

The results of this experiment, as well as of the laboratory --

v reepas

evaluation phase, suggest that the tactile display is not well- .
suited for providing 2-axis information for continuous flight control.
There appeared to be occasional difficulty in discriminating between

R—

X- and Y-axis errors. During the approach experiment, one subject
commented on the "masking" effect whereby a large error on one axis ?
obscures a relatively small error on the other. As mentioned above, '
path-rate information was required for effective control of path :
posilion (especially localizer). Information of this type is ap-
parently not well perceived from the tactile presentation when two
axes are displayed concurrently. (Also recall that no error rate data
was used to control the tactile display.)

The failure of the tactile AOA display to significantly improve
flight-control and/or monitoring performance seems contradictory to
the results of the preceding experiment in which thore was a signifi-
cant improvement. We suspect, however, that the f1light task in the 5i
approach experiment was dominated by the task of controlling localizer
orror - made more difficult by the absence of a reliable heading in-
dicator. The relativoly low AOA error scores (typically less than
0.5 dnurces) suggests that controlling AOA was hot particularly
demanding (compared with control of path errors); thus, littie ad-
vantage was to be gained by velioving the pilut of the burden of
scanning the ACA display.

R




SECTION 5
CONCLUSIONS

5.1 DISPLAY OPTIMIZATION

The following conclusions were reached during the display
optimization phase of the project:

The most suitable tactor excitation code tested to date has
been one in which the outermost tactor is always exicted first, thus
providing maximum spatial separation for even small error displays,

The code was best {or both one-axis and two-axis tracking tasks.

Although the equipment was designed for a maximum tactile ripple
rate of 60 Hz, it was found that a maximum rate of 15 Hz was good for
training and 30 llz adequate for the formal tests., An underlying
reason for this may well be the overlapping of tactor-ON periods
which begins to occur at 30 Hz, and at 60 Hz, two adjacent tactors
are excited simultaneously during one-hunlf of itneir ON periods,

The simultaneous or independent operation of the two data
channels proved to be superior to the sequential operation but not
to the expected degree. What may be a more importunt conclusion
is the fact that the subjecls did not exclusively uso control pulsing
for error correction as they had last year when only the sequential
display mode was used.

The taerile transducor, or tactor has been valiantly pursued by
many, but as yet an operationnl tactor has nol yet been doveloped,
The eleetrotactor has the best physicul size but its data presenta-
tion is the most variable and least tolerated; perhaps the optimum
configuration and exceitation signal is yet to Le found. The bimorph
vibrotactors which were used during this program appear to bo quite
aceeptable for laboratory studies, but they are too large forp

5-1
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consideration in an operational display. Small electromagnetic
vibratoctors have been explored and possibly with the new magnetic
materials being developed, a small, reliable and efficient tactor may
someday be available.

In the design of the tactile array, we ignored the possible
eflfects of one axis masking the other during 2-axis tracking. Our
objective was an operational array that would be convenient to apply.
However, masking is a serious problem, and even extreme spatial
separation of the tactor sets may not solve the problem as shown by

Gilson(ll).

The auto-intensity control for the electrotactor display proved
very beneficial in maintaining the electrocutaneous sensations
within the comfort range. The variation of comfort level with body
location was resolved to some degree by providing one intensity
control for the X or roll axis and individual controls for the upper
and lower halves of the Y or pitch axis, With sufficient data, {t
may be possible to adjust the gain of the elemental tactor drivers
such that o single intensity control could provide uniform excitation
levels for all the tuctors in a specified array.

Since the additional intensity controls were not added until.
alfter the formul tests were rud, a {inal performunce compuarison
between electrotuctor and vibrotactors could not be muade, but the
comparison iz expected to be c¢lose. The problem eacountered with the
ki contact variution muy be eliminated by emploviag a different
shupe tor the electrode padrs.  Since the coaxinl configuration doos
uot loealize skin eurrent, a flat surface tactor may sot he

necessury.,
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5.2 LABORATORY EVALUATION

The laboratory evaluation of the tactile display system has
shown that the tracking scores of the subjects have been substantially
improved over those recorded for the system tested during the previous
year., The best improvement was observed with the tests involving only
a single-axis tracking task, while the two-axis trackiung pertformance
improved by only half as wmuch,

Tue improvement in single-axis tracking was directly due to the
reduced threshold and shorter time delay of the taectile display system,
tfeatures which were explicitly designed into the tactor circuitry this
veuar. In addition, it was found that the scaras were {urther improved
because the revised display allowed the subjects to directly perceive
errer rate. ' ' ' )

The fallure of the two-axis tracking scores to show as mueh
1mprgv@ment'wns apparently due to the subjects’' {nability to track
both-axes sisultaseously. : '

Despite the marked improvement in tactile tracking performance
over the previous yoar, it remains that the continucus anulog visual

display produces much butter performance by a Iactor of about 2 to 1

in 3 errvor for single~axis tracking, and nbout 3 1/2 to 1 for twos
axis tracking. It appears from our wmodel nualyéis that the renainiog
threshold and time~delay of the tactile display would account for the
bulk of the difference {n the single-axis case, thus reducing the

3¢ F8 display threshold may provide some improvement.,
5.3 SDIVLATION LVALUATION
Wheo the tactile display vas used to provide an indication of

maci number error, flight control was {wproved and scanping workload
wan allevicted,  Mach number was more tightily conirolled. and
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pertformance on the independent, visual monitoring task was enhanced.
Variability scores associated with other flight parameters were
generaltly unchanged, indicating an overall beneficial effect of the
tactile presentation. When both tactile and visual sources of mach
information were available simultaneously, the test pilots appeared
to rely primarily on the tactile preseantation,

a0 statistically significant changes in either control or
wonitoring performance were found when the tactile display was used
oy angle-olf-attack or path error information in an approach-to-
lunding tusk. The lack of positive results in this situation may
have stelamed largely {rom the nature of the path regulation vask
(primarily in the lateral axis), which may have required the use of
deriviative intormation fur efiective control,

3.1 RECOMMENDATIONS

A taetile display svstem has many variables, a1l of whieh
alfvet s perlormatee as 4 tracking=errvor thatrument,  The evaluat ton
phases ol the program were limdted; cinsequeativ Tiitle time wis spent
un sptimizing pnrnmctuva'hr thedr permutntions,  Lxceplt lor reduving
the taditas rippte rate to 30 Hz (froem G0 He), the display paramctoprs
reainnd [iszwd throughout the evaluatten phase. 11 i€ pecomtiended
Lhat further experisentation be eonducied with parameters fuch as
unnhtizﬂt}un fevel o, exvitiation {reanenecy, aad controiling tactor

tipple rate with data vrror rate,

Ax an examplo of the possible performaiice improvenont, eonsider
the dinploy quantizatiog levels (8%, 307 and 70°% of FULL SCALL wete
used), oo data can be displayed until the teackiog error s eagual to
ar reater than &, henee, perforgance ean never he better than 5% of
full-scale error. Reducing this threshold may isprove the display
periormaice. The presults of the mach numbor teacking tests support
this contention beciuse, by setting the Tull-scale tracking ecror (o
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performance on the independent, visual monitoring task was enhanced.
Variability scores associated with other flight parameters were
generally unchanged, indicating an overall beneficial effect of the
tactile presentation. When both tactile and visual sources of mach
information were available simultaneously, the test pilots appeared
to rely primarily on the tactile presentation.

o statistically significant changes in either control or
monitoring performance were found when the tactile display was used
for angle-of-attack or paih error information in an approach-to-
landing task., The lack of positive results in this situation may
have slenmed largely from the nature of the path regulation iask
(primarily in the lateral axis), which may have required the use of
derivative inlormation for eflective control.

3.4 RECOMMENDATIONS

A tacltle display system has many variables, ail ol which
afteet its porformance as a tracking-errov thstyument,  The evaluntion
phases ol the preogram were limited; conseguently Little time was spent
on aptimizing paramctors or their permutations,  Execept tor reducing
the maximum rippie rate to 30 Uz (from 60 Hz), Lyv display purametoers
rencined Dixed throughout the evaluntion vhase. 1t s rocommended
that turther experimentation be conductod with poarvamelers such as
guantization levels, exeltation frequency, and controlling tactor
ripple rate with datu vrror rate.

Ax oan exumple of the possible perlfomaanee tmprovement, consider
the display questizntion levels (8%, J0% and 704 oy FULL SCALE wore
wsedd ), no ity van be o displayved until the tracking errvor is equal (o
ar orenter than 8%, houcee, perlobfmnnee ean noever he better than 5% ol
Tudlesenle error. Reducing-this threshobd may fmprove the displuy
perlommance,  The pesulis ol the mach number tracking tests supporl
this contention bocause, by setting the tull=xenle tracking error to
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represent only 11% of the reference value of 0.9, the display
threshold was 0.5% of 0.9 mach number, and the tactile display
performance exceeded the visual display performance. Could improve-
ments be obtained by optimizing quantization levels and displaying

error rate directly as ctactor ripple rate?

It is recommended that an effort be made to develop a small,
efficient readily acceptable tactor for use as a tool for all
researchers pursuing tactile displays as well as an element of an
oprational display. The physical size c¢f the electrotactor is
ideal but its acceptance is not quite universal. One of our dilemmas
was the excitation frequency, from prior experimentation we found
that excitation frequencies of less than 100 hertz appeared more
comfortable as the stimulus was perceived more like a vibration,
howvever, due to the required data rates, 200 hertz frequency was

selected. Use of the lower freguencies should be pursued.
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