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FOREWORD

This report vas prepred in the Laboratory of Aviation Psychology of the Ohio
State University under WAX Contract No. AF 33(616)-5524. This contract is ad-
ministered under the direction of the Navigation Branch (V1LXKNA), eapons Guidance
Laboratory, Vright Air DWvelopmnt Center, Air Research and Omlopmnt Cimmi,
Vright-Patterson Air Force Bse, Ohio. Lt. M. H. Pkiss (VCV3GIA) has served as
Froject Engineer. 7he research reported herein vas in response to Supplement No.
2 of Contract No. AF 33(616)-5524.
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AN INITIAL EVALUATION OF A VIBRDTACTILE DISPLAY I COMPLEX ()JTR)L TASKS

The initial phases of an interplanetary space flight can be expected to place
the human under a considerable amount of envirosmntal 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 his in the
vehicle, ways must be found to adapt the machine components to humn limitations
under these adverse conditions.

Watever man's part may be in the control of the vehicle, it is probable
that he will receive and process sow form of sensory input information on the
position of the vehicle in space. Under normal circmstances the visual sense
channel is most frequently used for this purpose. Unfortmately, the visual
system is one of those most adversely affected by enviroental stresses such as
G-forces (7). Therefore, 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 sstitute
for the visual system under high ( stress conditions. For a nuamber 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 systematic attemt was made to determine
how adequately the tactual system might serv% in performing certain fumctions
normally assigned to vision.

Several reports have appeared recently which demonstrate the capability of
the tactual system to decipher information encoded into discretet multidimenslonal
vibratory signals (2, 3). The present interest, hoover,, w In the control of
contimmous signals using the Vibrotactile display mode, a task more similar to
those encoutered in vehicular control.

In all, three investigations were undertaken. The first was concerned with
the general feasibility of the vibrotactile system as a display chanml and with
the determination of parsmeters of particular interest for further Inestigation.
In this work three comnsatory displays were compared wader conditieme couldered
to be least favorable to the tactual mode. The displays were (a) an optima
visual situation providing contiuaos display of the error betwen input and re-
sponse signals, (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 approxiating the machine dynamics expected in the initial
phases of interplanetary space flight Specifi'ally, the display comparisons
were made under two levels of aiding in a second-order control systeM quickening
and quickening plus display-aiding (iperquickening) (1, 6). In the third study
an attempt was made to determine the feasibility of a vibratory display in which
apparent movement (the so-called *phi effect*) was used to Indicate direction of
system error.



WXERINENT I

'be first experiment, I ke the second and third, was conducted under rnormal
l-(3i ccmditions. The over-all goal of the three studies was to examine a display
mode witich could be effective under high G conditions. However, prior to test
under s~uch conditions It was felt desirable to examine the vibrotactile display in
a streb -free environment with the understanding that should the vibratory display
be insfievtfve in these *ideal" conditions, further Investigation, as In a centri-
fuge, would not be necessary.

Method

Sujets-V members of the Laboratory staff served as subjects (Ss). Both
had reF v ous experience with visual tracking tasks in the Laboratory.

ha atus.-The Ss attempted to null error through Type 0 or positionial 4y-
nomics In a one-dimensional tracking task. Control signals wre generated by S via
a spring-centiered control columna, and S received Information on system error via
one of three displays: a continuous visual display, a discrete three-element visual
display,, or a discrete three-element vibrotactile display. The continuous display
consisted of a fixed reference line and a partially overlapping cursor lire on a
cathode ray tubs. The position,, velocity, and accelerations of the cursor reflected
comarable Inforimation on system error. The discrete visual display consisted of
three 6-v. lamp arranged In a horizontal line. Vhan the effects of S's control-
ling responses resulted In mear-zero system error (on target) the center l ight, was
automatically actulated; an error to the "right" caused the center light to be ex-
tinguished and the right lap was actuatedi and an~ error to the "left* actuated
the left loo. The discrete 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. When the coil was ac-
tivated bi 110-v. a.c. current, a tempered steel spring was set In vibration at
60 cps. A spherical plastic button was mounted on the armature spring and the
button tranmitted the vibration to the #Actual receptors on S's chest. The rapid
switching required for both the discrete visual and vibrotactTle displays was ac-
comlished by an electronic voltage coq~orator. Woen the ,voltagoe representing
system error was within 10% of the total range of the Ir~t signal, the center
light (or vibrator) was activated. Voltag-es exceeding this on-target range acti-
vated .me of the other lights (or vibrators) depending on the direction of system
error. The ifqmt signal, a srnsoid of 5# 10, or 15 cpa, was calibrated tachieve
a maximws excursion of ±2 In. on the continuous (CRT) vIs'al display. The control-
display sensitivity was set such that control column deflections of t6.6 deg. wre
required to match the Input voltage.

Procedure.-Both Ss received training on each of the three displays with the
5-c 1fy7PutImti asys'ptotIc performance was indicated. Both Ss then experienced
20 25-sec. tracking trials on each of tUe three display conditions with each of
the three Ir~uts (single sinusoids of 5, 10, and 15 cps). The performance metric
employed was the Integral of the absolute value of system error. Integration was
carried out over the final 20 sec. of each 2S-sec. trial In order to avoid scoring
performance during the initial 5-se'-. transient period. The performanco metric is
Identified as average error.



Results and Discussion

The major results of Exp. I are sumarized in Fig. I where tracking accuracy

is shown as a function of input frequency and display mode. Each point in Fig. 1
is the .rithmetic mean of 20 2S-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,
perforsuince with the vibratactile display is comparable to that with the discrete
visual display for ar. inumt of 5 cpa. Hovever, for the higher frequency inputs,
performance with the vibrotactile display deteriorates relatively more than with
the discrete visual displa,. Finally, there appears to be a constant difference
between performance levels on the two visual displays with the continuous display
being superior for all input frequencies.

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, while the three-elment display can show S only the direction of
error. Since the higher derivatives of system error must b displayed in order
that S may anticipate future states of system error, it is not surprising tnat
perforance was inferior on displays lacking this information. This, then, could
account for the superiority of the continuous 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 discretA visual display at the
higher frequency inputs? Both displays consisted of three elements, and the sow
comprator circuit was employed to activate the two discrete displays. Thus, the
two modes did not differ in 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 shorter than to
visual stimuli.

It would appear hat past experience may be the critical factor which accoumts

for the superiority of a discrete visual display coered to the awalogous vibra-
tory display. The data contained In Figs. 2 aWd 3 are quite suggestive of such a
conclusion. It may be recalled that prior to the recording of data shown in Fig. 1,
both Ss received enough training on all three displays to bring performance to
asymptotic perforuance levels for the, Int. It Is obvious from Figs. 2
and 3 that the amount of such training was least for the continuous visual display,
somewhat greater for the discrete visual display, and greatest for the vibrotactile
display. Nrtrer. with sufficient trainn1 S could achieve a performance level on

the vibratory daspiay ca"rable to that with the discrete visual display (see the
data of Subjeet 1, Fig. 2). Thus, there is reason to assume that had sufficient
training been given on the vibrotactile display for Inputs of 10 a"l cpa, per-
formance levels could have been brought down to those levels found for the discrete
visual display at the same Input frequencies.

I i aMparent, 'hten, thAt with only moderate outxts of trainiNg a vibrotac-
tile display permits controitrw, accuracy com*aable to that with a (discrete)
visual display fo¢r ipti's ith f "equency characteristic! in the ultra low part of
the stectrim f5 ,p cr less). F)r systems subject to Inputs of higher frequency,
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the vibrotactile display Is not a satisfactory nods unless extended training Is
employed. The prevent data do not indicate how much =a ning would be required,
but it say very well be quite extensive.

EXPERIXEX 11I

The conditions emloyed In Exp. I were selected so as to evaluate the vibro-
tactile display in a most simple control task,. one Involving no d'ic betwee
the control task,, one Involving no dyIics between the control column arA the
Information display. This is an unrealistic system since all control tasks In-
volve sine dyaics. Further, the condtions .inployed In Ex~p. I placed both the
vibrotactile "M the discrete visual display miodes at a disadvantage compared to
the continuaous visual display. A: Indicated 0be nomut estimate higher deriva-
tives In the Input sigool In order to anticipate fu #lr contral columnn displace-
ments. Since the discrete displays provided him only with Informstion relative
to the direction of syste error, It was expected that accuracy with both discrete
dfsplayFTTms Inferior to that with a contias display which provides S with
informatilon not only on direction of systsm error tftt on magnitude, velocity, and
acceleration aspcts as well.

For these reasons, It vat desirable to fvrther evaluate the vibrotactile dis-
play made relative to a contiftmmus vts%*l sod a discrete viua display to a con-
trol systan (a) which inwlws representative to Ics betmeen S's control colum
andi the information display Sd Mb which reMoves thwe l for to estimate higher
derivatives fn the Input si~al.

Subec'.-rurexperiancel So each taoftdwM~e a totlf .18 digplay-Imput

AIM.-he, two control drViceod Wtoratton displays stuod to £q.
I wr o"J in the prtmt *t*. Monvwr, Nore S wai required to enercise
conttrol thMo" Type 1 or amclrattem, 4 i. Ithw, *Oroooi a Peittiml
deflection of the control colum.n tV I retsltod Is a the to thoe position
of the curtor (on the conthumem vitual display), asaillar AM~ i h
present systam vwl result I is constont accelerttion of the curser (on the
contim i timl display). Thee 4Yse its vete aChievd bo iwertt1 U two ul"
Integrators between the tonttxtl Colun ld 5"Stfnf~w~mfo display to shovn In
Fig. 4A. 

-

in Ordme to rolax the requIremt tMV 5 estimtt hiher detivattes In the
Imu~to the q~iwaftei Prifteipit (1) Vfo WT1ted tio the f#O**t* 'fligma A eWm
in rig. Lb. With i julictmi ftt*jek sysum~ 4 abe his dtfuo colm ft-
fltxtlans a* ohly th# 4itctjoh ldt iMlarmw is of disolv#4e itrr.
it was #*peCte, vtserej t * dlittet 'OU 4 sVplat41*y toald be as
effectivue to ahtIPM&A display7 Since aretloftl VAf A ettift fewtti o g
fitudt Iftfot~h at #Oirtnt oft A diStt displsy1 m5 tA a CfttI*A*" PV'tsft-
fttIon.

IRcvevr, a thrte-iftnt IitertU digplay cain ptovide a-_cira&t* vityitade
Itfrontibonotaly it te tuke of tit etrot miel it t~tt itto thb A *ecbm
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condition was employed which provided a situation in which S was required to base
his control column deflections on only the direction of displayed error. Fig. 4c
illustrates how this was accomplished. In this 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 informatiot necessary to tracking via a simple
three-element display as only directional information needs to be considered.
Rurnd et al. (6) refer to the system in Fig. 4c 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, 4, and 8 cpa). Each S received
training on each of the 18 conditions until asymptotic performance ws attained.
Folloving this, an additional set of 10 4O-sec. tracking trials on each condition
provided the empirical data. Performance was scored only over the final 30 sec.
of each 40-sec. trial. Each S experienced the 18 conditions in a different random
sequence to avoid systematic Sias in the results.

Results and Discussion

The results of tracking with a quickened display are stmarized in Fig. 51,
while Fig. 6 contains the results obtained with a super quickened display. As
was the case in Exp. I, an increase in input frequency resulted in a deterioration
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 discrete visual display is comparable to the continuous 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 discrete visual and the vibrotactile
display relative to that possible with the continuous visual display. Further,
a higher level of accuracy is possible with the vibratory display when ued in a
super quickened system than when employed in less sophisticated contrel tasks.
Since it may be assumed that the operator's control task in a space vehicle will
be design d with advanced concepts from both the engineering and human factors
point of view, it is apparent that a vibrotactile display could provide an ef-
fective mode for the presentation of control information. Again, h ver, it
must be acknowledged that even in a super quickened system, the vibratory display
was not particularly effective at input frequencies above the ultra low frequency
rane (0 to 5 cpa).

The third and final study in this series was an attempt to explore the use-
fulness of apparent otion genrrated with a vibratory display Apparent motion
in the visual mode can be achieved by sequentially activating two or more spa-
tially separated lights. This so-called phi effect is employed widely in adver-
tising In the present Case a comparable expetrience can be achieved by alternately

9
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Fig. 7. The spatial arrangement of four
vibrators to provide the vibratory phi effect
studied in Exp. Ill.

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 vibrator, indi-
cated as F in Fig. 7. was alternately activated with one of the three vibrators
R, 0 L. If S was *on target." vibrators F and 0 were activated alternately; if

was off trget to the left, vibrator L was alternately 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 was "tilted*
to the right or the left depending on the direction of syst4m error.

Method

Subject.--One highly skilled tracker served In this research.

Apparatus,-The same super quickened system utilized in Exp. II was employed
in the present stuy. The sane three-elment vibraury display employed in both
FLps. I and II was used here for coprison with a four-eloment vibratory display
which was designed to provide the vibratory phi effect. In order to produce
vibratory phi it was necessary to control accurately the rate of alternation be-
t .en vibrator F ard vibrators R, 0, or L (see Fig. 7). One Tektronix waveform
generator (T7pel162) and two Tektronix eTectronic pulse generators (Type 161) were
used for precise timing. 1he waveform generator Lrlggered the pulse generators
which in turn activated relays 9hith permitted the oeration of the appropritate
vibrators- The Tektronix apparatus permits one to vary several sispecta of the
vibratory display. (a) the duration of tht individual *turstsv of vibration,
(b) #Ae temporal iepiration between tirts, aar Cc) the alternating seqance of
bursts.

In order to produce P'i, the above three temporal aspects vere set as
follows, (a) duration of ech burst was set at A0 Asec , ,b) separation betveen
the first and second burst (aS between activation of vibrator 0 and vibrator F
in Fig 7) was set at 2P msec , and (c) sepation between rAIrs of bursts was



set at 25 asec. The rcessity to separate the initiation if succeeding bursts in
a sequence by 25 asec 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. I and II since
that earlier display was 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 in FExps. I and 11 with the
exception that each vibrator could be activated for only 50 rsec. and then all
vibration was absent for 50 asec. after which vibration could be experienced for
another 50-msec. interval, and so on. This was achieved by removing vibrator F
(see Fig. 7) from the display circutxy.

Procedure.--The S received a considerable amount of e.mperlence with vibra-
tory pThiUing the calibration runs which preceded the cwTprlment proper. Follow-
ing the calibration-training period S tracked a series of 30-sec. trials under
eight coditions. The conditions were determined by all possible combinations of
(a) display characteristic (a vibratory phi display vs. a three-element vibratory
display), tb) display locus tthe chest vs. the back), and (c) input frequency
(2 cpR vs. 8 cpa). 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 in the first two experimnts, average error served as the performance
metric.

Results and Discussion

The results of Exp. Ill were essentially negative. As shown in Fig. 8, the
vibratory phi display under all conditions was inferior to the three-element
vibratory display Thus, not only was there no advantage to the more "dramatic"
presentation via the vibratory phi display, but perforsance with that display
located on S's back was quite inferior to the three-element vibratory display when
S atteptedto track the 8-cpa input

An a posteriori explanation of the inferiority of the phi display cmes from
remarks made by S during the data collection. His coents In comparing the phi
display with the three-element vibratory display emphasized the *confusion* intro-
duced by the prtsence of the fourth vibrator (vibrator F In Fig. 7). The con-
fusion was said to be oer of discriminating %htther vibrator F or one of the other
three vibrators was being actvated at a particular time Or0 of the reasons for
this lack of discrimirAaion is that the vibratory translucers employti in this
research wtre rattwr bsky Art.at.en o fny orte ,rarslurer tnled to spread
vibraticri over a rem iderable area cf ' ,P 1-, q irt3 as the dilplay elements
(transdtwert) wre -4rr.r.j'* ahr tr. itte a 'rv I*5 chet, U& co
fusion wa.s ainaal Hovret , vhen *he d.;1lAay t)ok on *vo dimensional aspects,
as in the vibratory phi dIistiay, thIt ditcralIration letteased Anv pcrftormarnce
deter Iorated

We voruld tw4 rnriult. theteffle, that a vibratx-sy phi tff#:t it niot a rIe-
qralbe as v- of Trch dlspiayt rather ttihoeffee, Shold be Stu ilzl further
with mote ctvtact 'rat,+d'%ers which exet a nore hqhly tcal|zfd effect on the
Sitin ifas 1 i at"teti tha' tAP rhest iq-c1 , ,< ide4y tuterior to &
vibratory 41Iptay applied to ta ,rat
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SLWART AND CONCLUSIONS

Three experiments were completed which explored the accuracy human operators
can achieve in both simple and complex control tasks when 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 is in the ultra low frequency range (0 to 5 cpu).
Since humans normally have had little experience with meaningful vibrotactile
stimulation, it is necessary to provide the operator with trairing in control
tasks which involve such displays. It is conceivable that with sufficient train-
ing the human could adequately control systems with inputs involving frequencies
higher than 5 cpU. The present research does not enable 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 when advanced hman engi-
neering principles were employed (quickenina and super quickening). It is unfor-
tunate that the vibratory phi display explored in Exp. III was not effective since
had apparent movement been an effective display feature, the next step would have
involved adding a truly advanced human engineering principle to the display cir-
cuitry-the Kelley predictor display principle (4). As pointed out in the discus-
sion of Exp. III, however, the fallure to e trate accurate controlling with a
vibratory phi display probably was due to the rather large vibrators employed in
this study. 1liniaturization of the vibrator elements wold be expected to result
in a more localized stimulation with a concomitant increase in discrininmbility
between the several elements of the vibrotactile display.

It is concluded, therefore, that a vibrotactile display can be used as a
substitute for visual displayr in complex control tasks provided (a) the man-
machine system is subject to ultra low frequency triuts and (b) the syste has
been subjected to quickening or sper quickening operations. 7hus, a vibrotactile
mode could be an effective alternate input channel for the processing of input
information by the human operator under conditions in which the visual sense is
degraded, as in periods of high ( stress. It is felt that the abov* results
justify further research on vibrotactile displays under the controlled 0 condi-
tions provided by a human centrifuge.
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