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FOREWORD

This report wvas prepared in the Laboratory of Aviation Psychology of the Ohio
Stats University under WADC Contract Mo. AF 33(616)-5524. This comtract is ad-
ninistered under the direction of the Navigation Branch (WCLGGNA), Weapons Guidance
Laboratory, Wright Air Development Center, Air Research and Development Command,
Wright-Patterson Air Force Base, Chio. Lt. M. H. Reiss (WCLGGNA) has served as
Froject Engineer. The research reportsd herein wvas in response to Supplement No.

2 of Contract No. AF 33(616)-552L.
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AN INITIAL EVALUATION OF A VIBROTACTILE DISPLAY IN COMPLEX CONTROL TASKS

The initial phases of an interplanctary space flight can be expected to place
the human under a considerable amount of envirormental stress. High G-forces re-
sulting from rapid acceleration, for example, are known to disturb a number of
physiological processes. To the extent that such stressful conditions reduce the
capability of the human to perform normally the functions required of him in the
vehicle, ways must be found to adapt the machine components to human limitations
under these adverse conditions.

Whatever man's part may be in the control of the vehicle, it is probable
that he will receive and process some form of sensory input information on the
position of the vehicle in space. Under normal circumstances the visual sense
channel i{s most frequently used for this purpose. Unfortumatsly, the visual
system i3 one of those most adversely affected by environmental stresses such as
G-forces (7). Therefors, the problem arises as to the best method of overcoming
this visual sense deficiency. The approach taken in the present research was that
of considering an additional sensory system which might be used as a substitute
for the visual system under high G stress conditions. For a number of reasons
discussed elsewhere (2), as well as its probable resistance to G effects, the tac-
tual system appeared to be the only possibility worthy of investigation. In the
studies described below, therefore, a systsmatic attempt was made to detarmine
how adequately the tactuml system might serve in performing certain functions
normally assignsd to vision.

Several reports have appeared recently wvhich demonstrate the capability of
the tactual system to decipher information encoded into discrete, multidimensional
vibratory signals (2, 3). The present interesi, however, was In the control of
continuous signals using the vibrotactile displasy mode, a task more similar to

se¢ encountei'ed {n vehicular control.

In all, three investigations were undertaken. The first was concerned with
the general feasibility of the vibrotactile system as a display chanmel and with
the determination of parsmeters of particular interest for further investigation.
In this work three compensatory displays were compared under conditions considered
to be least favorable to the tactual mode. The displays were (a) an optimm
visual situation providing continuous displuy of the error between input and re-
sponse sigmals, (b) a discrete, three-element visual display indicating only on-
target and directional error information, and (c) a vibratory analog of the
discrete visual display. The second study was an extension of the first to a
situation more nearly approximating the machine dynamics expected in the initial
phases of interplanetary space flight Specifically, the display comparisons
were made under two levels of aiding in a second-order control system: quickening
and quickening plus display-alding (¢ mperquickening) (1, 6). In the third study
an attempt was made ‘o determine the feasibility of a vibratory display in which
apparent movement (the so-called "phi effect™) was used to Indicate direction of
system error.



EXPERIMENT 1

he first experiment, ]like the second and third, was conducted under normsal
1-G cenditions. The over-all goal of the three studies was to examine a display
mode wiiich could be effective under high G conditions. However, prior to test
under such conditions it wvas felt desirable to examine the vibrotactile display in
a strev -free envirorment with the understanding that should the vibratory display
be inefic-tive in these "ideal™ conditions, further investigation, as {n a centri-
fuge, vould not be necessary.

Method

Sub jects.—Two members of the Laboratory staf{ served as subjects (Ss). Both
had previous experience with visual tracking tasks in the Laboratory.

#an.—mc Ss attempted to null error through Type O or positional dy-
nanics in a one-dimensiomal tracking task. Control signals were gensrzted by S via

a spring-centsred control column, and S received information on system error vlia
one of three displays: a continuous visual display, a discrete three-eclement visual
display, or a discrets three-clement vibrotactile display. The continuous display
consisted of a fixed reference line and a partially overlapping cursor lins on a
cathode ray tubs. The position, velocity, and accelerations of the cursor reflected
comparable information on system error. The discrete visual display consisted of
three 6-v. lamps arranged in a horizontal line. When the effects of S's control-
ling responses resulted {n near-zero system error (on target) the center light was
automatically actuatad; an error to the "right" caused the center light to be ex-
tinguished and the right lamp was actuated; and an error to the "left" actuated
the left lamp. The discrets vibrotactile display consisted of three independent,
mechanical vibrators mounted in a harness and arranged in a horizontal line 7 in.
apart on S's chest. The vibrators were 6-v. relay coils. uhen the coil was ac-
tivated by 110-v. a.c. current, & tempered steel spring was set in vibration at

60 cps. A spherical plastic button wvas mounted on the armature spring and the
button transajtted the vibration to the ‘actuml receptors on S's chest. The rapid
switching required for both the discrete visual and vibrotactlle displuys was ac-
complished by an electronic voltage comparator. When the voltage representing
system error vas vithin 10% of the total range of the input signal, the center
light (or vibrator) vas activated. VYoltages exceeding this on-target range acti-
vated one of the other lights (or vibrators) depending on the dirsction of systen
error. The input signal, s simusoid of 5, 10, or 15 cpm, was calibrated to <hieve
2 maximm excursion of 22 in. on the continuous (CRT) viswal displxy. The control-
display sensitivity was set such that control column deflections of 6.6 deg. were
required to match the input voltage.

Procedure.—Both Ss received training on each of the three displays with the
S-cpm Input until asymptotic performance was indicated. Both Ss then experienced
20 25-sec. tracking trials on each of the three display conditlons with each of
the three inputs (single sinusoids of 5, 10, and 15 cpm). The performance metric
employed was the integral of the absolute value of system error. Integration was
carried out over the finmal 20 sec. of each 25-sec. trial in order to avoid scoring
performance during the initial 5-sec. transient period. The performance metric is
{denti{fied as average error.



Results and Discussion

The major results of Exp. I are summarized in Fig. 1 vhere tracking accuracy
{s shown as a function of input frequency and display mode. Each point {n Fig. 1
is the .rithmetic mean of 20 25-sec. tracking trials (10 trials per S).

Several important findings are apparent from visual inspection of Fig. 1.
First, as shown in previous research (5) performance in this tracking task deteri-
orates with increases in input frequency for all three display modes. Second,
performance with the vibrotactile display is comparable to that with the discrete
visual display for ar imut of 5 cpm. However, for the higher frequency inputs,
performance with the vibrotactile display deterioratss relatively more than with
the discrete visual display. Finally, there appsars to be a constant difference
between performance levels on the two visual displays with the continuous display
being superior for all input {requencies,

The latter result was expected since a continuous display provides S with in-
formation on the direction, magnitude, velocity, and acceleration characteristics
of system error, vhile the three-clement display can show S only the direction of
error. Since the higher derivatives of system error must be displayed In order
that S may anticipate future states of system error, it {3 not surprising that
performance was i%!'crior on displxys lacking this information. This, then, could
account for the superiority of the contimuous display over the discrete visual
display, but, one may ask, what could account for the inferior performance levels
shown with the vibrotactile display compared to the discrete visual display at the
higher frequency !nputs? Both displays consisted of three slements, and the smme
comparator circult was employed to sctivate the two discreta displays. Thus, the
two modes did not differ {n physical characteristics. One might expect that dif-
ferences in the reactions of the two sensory systems themselves to external stimu-
lation could account for the observed performance differences. However, both the
visual and the tactual sensory systems discriminate spatially oriented stimuli,
and, further, reaction times to vibratory stimuli{ are actually shortar than to
visual stimuli.

It wouid appear Lhat past experience may be the critical factor which accounts
for the superiority of a discrete visual display compared to the amalogous vibra-
tory display. The data contained in Figs. 2 and J are quite suggestive of such a
conciusion. It may be recalled that prior to the recording of data shown In Fig. !,
both Ss recelved encugh training on all three displays to bring performance to
asympotic performance levels for the S-cpm input. It is obvious from Figs. 2
and 3 that the amcunt of such training was least for the contimuous visumil display,
somevhat greater for the discrete visual display, and greatest for the vibrotactile
dispiay. Further, with sufficient training 5 could achieve a performance level on
the vibratory dispiay comparable to that with the discrete visual display (see the
dats of Subjert I, Fig. 2). Thus, there is reason to assume that had sufficient
training been given on the vibrctactile display for inputs of 10 and 15 cpm, pere
formance leve!s could have been brought down to those levels found for the discrete
visual dispiay at the same input {requencies.

1. is apparent, then, that with only moderate smounts of training a vibrotacs
tile display permits contreoiling accuracy comparable to that with a {discrete)
visual display for Inputs 4ith {"equency characteristics in the ultra low part of
the spectrum (5 cpm or less). Fir systems subject to inputs of higher frequency,
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the vibrotactile display is not a satisfactory mods unless extended training is
employed. The present data do not indicate how much tralning vould be required,
but it may very vell be quite extensive.

EXPERIMENT 11

The conditions employed in Exp. I were selected so as to evaluate the vibro-
tactile display in a most simple control task, one involving no dyramics between
the control task, one involving no dyramics betwsen the control column and the
information display. This is an unrealistic system since all control tasks in-
volve some dynamics. Purther, the conditions employed in Exp. I placed both the
vibrotactile and the discreta visual display modes at a dissdvantage compared to
the continuous visual display. Ar indicated above, 5 aust estimate higher deriva-
tives in the input sigmal in order to aaticipate future control column displace-
ments. Since the discreta displays provided him only vith information relative
to the direction of system error, it was sxpsctad that accuracy with both discrets
displays would Be inferior to that with a contimuous display which provides S vith
information not only on direction of systam error but on magnitude, velocity, and
accelsration aspects as well.

For thase reasons, it was dasirable to furthar svaluate the vibrotactile dis-
play mode relative to a continuous viswal and & discrets visual display in & cen-
trol system (a) which {rwelves representative dymamics between S's comtrol celvan
and the information display and (b) which removes the med for 5 to estimats higher
derivatives in the input sigml.

Nethed

Subjec’s.~Four experienced S each tracimd under & total of 18 display-input
control ¢ tiona,

m?_g_.-m sane contrel device and Information displays studied in Dep.
1 were employed In the present study. Newever, Mere S was required s emercise
control threwgh Type II or attelerstion dymmics. Thes, wheress » pesitiomal
deflection of the control colwm in Lxp. I resuitad In a change In the position
of the curser {on the continwous visual displiny), & sinilar respenee in the
present system would resull in s constant stteleration of v cwrser {on the
continuows viswal display). These dynamics were athieved by ineerting Lwo annleg
integrators between the control colvmn and 5's Infermation display as shewn tn
Fig. La.

In order o relax the regquirenent that 5 estimate higher derivatives in the
input, the quichening principie (1) was spviTed Lo the feetbaik sighal as shwwn
inh Fig. Lb. With s quickened feedback systom & meed Dase his contrel colwm de-
flextions on oniy the ﬂii‘iét?ﬁ s indtantaneous saanitede of Alivpinyed erter.
1t vas expected, herelore, L & 31sttele iafeormalion display cowld be o2
effective a8 a continwbns display since direclionn] and a tertain smownt of mmg-
nitude informmtion ate apparent oh a Jistele display 28 oA & Contimweud preden-
tation.

However, a three-element discrete display can provide accurate sageltude
information ofily 1f the $ize of the effof sighal 1% heat 2ei0 Trud, a Second

1
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condition was employed which provided a situation in which S was required to Lbase
his control column deflections on only the direction of displuyed error. Fig. lc
il1lustrates how this was accomplished. In thls condition not only was the feed-
back signal subjected to quickening, but display aiding was employed also. Thus,
by subjecting the error signal to a phase advance transformation, one makes it
possible to provide S with all the information necessary to tracking via a simple
three-element display as only directional information needs to be considered.
Rund et al. (6) refer to the system in Fig. Lc as a super quickened system.

Procedure.—A total of 18 experimental conditions was generated by all
possible combinations of three display modes (continuous visual, discrete visual,
and discrete vibrotactile), two feedback conditions (quickened and super quickened),
and three input signals (single sinusoids cf 2, L, and 8 cpm). Each S received
training on each of the 18 conditions until asymptotic performance was zttained.
Following this, an additional set of 10 LO-sec. tracking trials on cach condition
provided the empirical data. Performance was scored only over the final 30 sec.
of each LO-sec. trial. Each S experienced the 18 conditions in a different random
sequence to avoid systematic bias in the results.

Results and Discussion

The results of tracking with a quickened display are summarized in Fig. S,
wvhile Fig. 6 contains the results obtained with a super quickened display. As
was the case in Exp. I, an increase in input frequency resultad in a datarjoration
of tracking accuracy for all three display modes. However, the use of quickening
and super quickening procedures reduced the differences between the three display
modes. This is especially true of super quickening where not only is the relative
deterioration of tracking higher frequency inputs via a vibratory display less
severe, but also the discrets visual display is comparsable to the contimuous dis-
play at all input frequencies studied.

Thus, it is apparent that, as predicted, quickening and super quickening im-
prove the accuracy of tracking for both the discreta visual and the vibrotactile
display relative to that possible with the continuous viswml display. Further,

a higher level of accuracy is possible with the vibratory display when wsed in a
super quickensd system than vhen employed {n less sophisticated contrel tasks.
Since it may be assumed that the operator!s control task in a space vehicle will
be designed with advanced concepts from both the engineering and mman factors
point of view, it is appurent that a vibrotactiie display could provide an ef-
fective mode for the presentation of control information. Again, however, it
must be acknowledged that even in a super quickened system, the vibratory display
was not particularly effective at fnput frequencies above the ultra low frequency
range (0 to S cpm).

EXPERIMENT 111

The third and final study in this series was an attempt ‘o explore the use-
fulness of apparent motion gererated with a vibratory display Apparent motion
in the visual mode can be achieved by sequentially activating two or more tpa-
tially separated lights. This so-called phi effect is employed widely in adver-
tising. 1In the present case a comparable experience can be achieved by altermtely
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[S/CRN (4)

(9) Vibrator

Fig. 7. The spatial arrangement cof four
vibrators to provide the vibratory phi effect
studied 1n Bxp. I1I.

activating two vibrators on the chest. In vibratory phi S experiences apparent
movement on the skin between the two vibrators.

In order to provide S with a vibratory phi experience a fourth vibrator was
mounted on the lower chest to form a T pattern (see Fig. 7). The vibrater, indi-
cated as F in Fig. 7, vas alternately activated with one of the three vibrators
R, O, L. T1f S was "on target,” vibrators F and O were activated alternately; if
S was orf target to the left, vibrator L vas nlumuly activated with F, etc.
Thus, S experienced apparent movement across the chest in a vertical direction
when on target, and during off-target periods the line of movement wes "t{]ted"
to the right or the left depending on the direction of system error.

Fethod
Subject.—One highly skilled tracker served In this research.

Apparatus.--The same super quickened system utilized in Exp. 11 was employed
in the present study. The same three-element vibrawcry display employed in both
Exps. 1 and 11 was used here for comparison with a four-element vibratory display
which was designed to provide the vibratory phi effect. In order to produce
vibratory phi {t was necessary to control atcurately the rate of alternation be-
tween vibrator F and vibrators R, O, or L (see Fig. 7). Ome Tektronix wvaveform
generator (Type 162) and two TeRtronix electronic pulse generators (Type 161) were
used for precise timing. The waveform gererator triggered the pulse generators
which in turn activated relays which permitted the operation of the appropriste
vibrators. The Tektronix apparatus permits one Lo vary Several aspects of the
vibratory display. (a) the duration of the individux]l “bursts® of vibration,

(b) the temporal separation between tursts, and {¢) the alternating sequence of
bursts .

In order o produce FhLi, the above three temporal aspects were sei as
follows. (a) durstion of eich burst was sei at .U msec , {b) separation betwcen
the first and second burst (as between activatioti of vibtator ¢ and vibrator F
in Fig. 7) was set at 25 msec , and (c¢) separation between paltrs of burste was

i2?




set at 25 msec. The necessity to separate the initiation Jf succeeding bursts in
a sequence by 25 msec introduces a transmission lag into the tracking system.
Thus, it would not be appropriate to compare the vibratory phi display directly
with the three-element vibratory display used earlier in Exps. 1 and II since
that earlier display vas lag-free. In order to avoid confounding the effects of
phi and the effects of lag, the vibratory phi display was compared to a three-
element vibratory display identical to that employed 1n Exps. I and 11 with the
exception that each vibrator could be activated for only 50 msec. and then all
vibration was absent for 50 msec. after which vibratjon could be experienced for
another 50-msec. interval, and so on. This was achieved by removing vibrator F
(see Fig. 7) from the display circuitry.

Procedure.--The S received a considerable amount of experience with vibra-
tory phl during the calibration runs which preceded the >xperiment proper. Follow-
ing the calibration-training period 5 tracked a series of 30-sec. trials under
eight conditions. The conditions vere determined by all possiblie combinations of
(a) display characteristic (a vibratory phi display vs. a three-clement vibratory
display), (b) display locus \the chest vs. the back), and (c) input frequency
(2 cpm vs. 8 cpm). Performance was scored only over the final 20 sec. of each
30-sec. trial and there were 10 trials of data recorded for each of the eight con-

ditions. As i{n the first two experiments, average error served as the performance
aetric.

Hesults and Discussion

The resuits of Exp. 111 were essentially negative. As shown in Fig. 8, the
vibratory phi display under all conditions was {nferior to the threc-element
vibratory display Thus, not only was there no advantage to the more “"dramatic®
presentation via the vibratory phi display, but performance with that display
located on S's back was quite inferfor %o the threec-element vibratory display when
S attempted to track the 8-cpm input

An a posteriori explanation of the inferiority of the phi display comes from
remarks sade by S during the data collection. His comments i{n comparing the phi
display with the three-element vibratory display emphasized the "confusion® i{ntro-
duced by the presence of the fourth vibrator (vibrator f in Fig. 7). The con-
fusion vas said W be ore of discrimimating whether vibrator F or one of the other
three vibrators was being activated at a particular time One of the reasons for
this lack of Adiscrimination 15 that the vibratory transducers employed in this
research were rather buiky  Actuvat.on of any ore ‘ransidurer tended to spread
vibratiens over a rensiderable area ¢f *he k% As jong as the display elements
(transdurers) were arranged alony 4 hot,zontal 1i6e a0 1689 §'s chest, Uk co1
fuston vwas sinimal  However  when *he d.splay took on *wo dimensional aspects,
as {n the vibratory phi dispiay, *his discrimination decreased an? performance
deteriorated

We would twt rotriule, thetefnre, that a vibratory phi effest 1s not a e-
sitabie aspe-t of such dispiays . tather the effert ¢houid be studied further
with mote compact *rafsdrers whazh exert a more h.oghly i16calized effect on the
skin surface 1% 1% apparen’ tha' the rhest locuts o decidediy superior to a
vibratory disp.ay applied to Sts back
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SUMMARY AND CONCLUSIONS

Three experiments were completed which explored the accuracy human operators
can achieve in both simple and complex control tasks vhen input and output infor-
mation are displayed via the tactual sense modality. In the first two studies
it was demonstrated that a vibrotactile display can be as effective as a visual
display provided the system input {s in the ultra low frequency range (O to 5 cpm).
Since humans normally have had little experience with meaningful vibrotactile
stimulation, it is necessary to provide the operator vith trairing in control
tasks which involve such displays. It i{s conceivable that with sufficient train-
ing the human could adequately control systems vith inputs involving frequencies
higher than 5 cpm. The present research does not emable one to predict how much
training would be required, but it is suggested that the amount would be con-
siderable, especially for higher frequency inputs.

The vibrotactile display was particularly effective vhen advanced human engi-
neering principles were employed (quickening and super quickening). It is unfor-
tunate that the vibratory phi display explored in Exp. 11l was not effective since
had apparent movement been an effective display feature, the next step would have
involved adding a truly advanced human engimsering principle to the display cir-
cuitry—the Kelley predictor display principle (L). As pointed ouwt in the discus-
sion of Exp. I1I, however, the failure to demonstrate accurate controlling with a
vibratory phi display probably was due to the rather large vibrators employed in
this study. HNiniaturization of the vibrator elements would be expectad to result
in a more localized stimulation with a concomitant increase in discriminability
between the several elements of the vibrotactile display.

It is concluded, therefore, that a vibrotactile display can be used as a
substitute for visuml displays in complex control tasks provided (a) the man-
machine system is subject to ultru low frequency inputs and (b) the system has
been subjected to quickening or super quickening operations. Thus, s vibrotactile
mnode could be an effective alternate input channel for the processing of imput
information by the human operator under conditions in wvhich the visual sense is
degraded, as ir. periods of high G stress. It is felt that the above results
Justify further research on vibrotactile displays under the controlled G condi-
tions provided by a human centrifuge.
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