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I NTRODUCT I ON

An understanding of the effects of environmenta l stress on human

performance is essential for specifying man-machine system design and

for predicting mission effectiveness. Noise , hig h temperature , accel-

era ti on , and vibration are among the environmenta l stressors which affect

ai rcrew members durin g fli ght . These effects are seen as altera ti on of

phys i olo g ical funct ion and general decrements i n performance ca pa bi liti es .

Laboratory studi es done wit h man are often com prom i sed by the fact that

onl y certain ran ges of stress can be employed. One al terna ti ve i s to

develo p a ser i es of tasks sim i lar to those of aircrew mem bers or remo te

pilots and train subhuman primates to perform such tasks . Th i s alter-

na ti ve offers the un iq ue feature of ena bl i ng the app l i cation of stresses

at all levels . It further enables certa i n surgi cal man ip ula ti ons

which afford access to the physiological and biochemical factors of which

performanc e decr er~ents under stress are assumed to he a function . It

is only in this way that the fundamental mechanisms involved can be

elucidated .

It is also noteworthy that with the emergence of the Remote Pilot

Ve hicle (RPV ) concept , attent i on becomes redi rected to the track i ng task

p
~~ 

se , and to the less obv i ous but nevertheless stressful factors wh i ch

are specific to the tracking task (e.n., fatigue and boredom). Accord-

ingly, the labora tory trac king situation has direct applicability to

the ~PJ paradig m since i t closel y resembles tha t si tuat ion . In fact ,

resul ts of tracking experiments conducted in the laboratory can be

directly extrapolated to the RPV without the contaminating effects of

physiological stresses due to vehicle dynamics.

—
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The above men tioned goals can be achieved most efficiently through

a via ble program involving an integrated approach. One element in such

an approach is modeling , a tool that can a id i n the ident i f icat i on of

bas ic mechanisms. The results of modeling efforts are best utilized

when they are closely tied to an experimenta l program . This arranqement

can produce an i terative process whereby the analytical results from

models can serve as aid s i n the i nterpretati on of exper imental data ,

gu i des i n plannin g future experiments , and as project i ons of results for

stud ies too numerous, costly, or di ffi cul t to con duct . Sim i larl y, the

results of the ex per imen tal p rog ram can be use d as “upda tes ’ for the

modeling s tudi es . Under this ideal arran gemen t , the i terati ve process

can proceed at a rela tively rapid rate. It is this rati onale upon ‘~,hich

the presen t research program was develo ped .

Specifically, several potent ial metho ds to produce trackin g behav-

i or in the Rhesus monkey were explored in order tha t the most effici ent

procedure could be produced . Once developed , var ious parame ters of the

ilethOd were studied experimentally. Concomitant with this advancement ,

a ma thematical model was developed and applied to the data . A full

description of each endeavor appears in Sections 1 and 2 respectively

of this report.
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SECTION 1.: TRACKING BEHAVIOR

A . TRANSITION FROM PURSUIT TRACKING TO COMPENSATORY TRACKING

In order to appreciate the significance of this manipulation , it

s houl d fi rst be noted tha t the early phases of this project dealt

exclusively with pursu i t track i ng . Th i s was due to the fact tha t the

ori ginal training procedures were developed under another contract

(AFOSR F33615— 72-C-lll2) for this task. Furthermore , the pursuit track-

i ng equi pment had alrea dy been cons truc ted , and while the more preferred

compensa tory system was under develo pmen t, a series of pursuit tracking

sessions was gi ven to three an imals. The purpose of thi s i n it ial session

was to re-establish asympototic performance levels which could be used

as basel i ne data to compare wi th those obta i ned i n su bsequent compensa-

tory trackin g si tuat ions .

All animals receive d our standard series of pursu i t trackin g expo-

sures . Each daily session was comprised of three l5-r~inute blocks .

Each block was sectioned into 30 second trials separa ted by a 30 second

intertria l interval . Although the precise effect of this set of time

parameters is unknown , th i s particular com bination of time var i ables

has met with consi derable success.

Prior to the shift, percent of time on target for the pursuit task

averaged 96.4 , ~‘ith a range from 92.6% to 99,8%. These values were

based upon the last five sessions before the shift in which target

wi dth was 1.0 inch with an input signal of .122 cps and .163 cps (sum

of two sine waves).
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~ext , these animals were placed on the compensatory tracking task ,

the basic parameters of which were a 1.0 inch target and a random input

si gnal of .05 Hz ban dw idt h . T ime on targe t scores were collecte d for

each anima l over a f i ve sess i on b lock , pursu i t and compensator y scores

appear in the following table.

PERCENT OF T I~1E ON TARGET , TOT (5 sessions)

Pursu it Com pensa tory

~065H 99.8 94.7

#065B 96.9 99.0

~476B 92.6 69.9

X 96.4 X 87.5

Clearl y, two of the three animals manifested negligible effects of the

trans fer . In fact , one an imal app eare d to improve sl i ghtly. For the

third anima l (—~476B) the reduced time on target score for compensatory

tracking is due solely to the first session during which this animal

“tracked ” at a mere 54~ . This monke y improve d consi dera b ly i n su bse-

quent sess i ons , and , when the f i rs t sess i on was d ro pped fro m the

anal ysis , TOT scores for the animal rose to 89 .61~. W i th th i s correcte d

value inser ted i nto the analysis , the grou p mean was elevate d to 94 .4~ ,

w hi ch com pares favora b ly with the 96 .4% value o bta ined for the pursui t

task.

In addi tion , an d for com para ti ve pur poses , two na ive animals were

given the standard response shaping, fol lowe d by a b lock of f ive da i ly

sessions on the compensatory task. Their time on target scores ranged

from 76 .4~ to 83.O~ (
~ of 87.2%) for the five-day period .

• 2  
~~ - - _~~~~~~~~~~~~~~ --_
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The overall conclus ion to be drawn from this research is that no

de trimenta l ef fec ts are in ev id ence fol lowin g a shi ft from pursu i t to

compensa tory tracking when the current set of parameters is employed .

Th is finding agrees with Poulton ’s (1 974) conclusion that in human

tracking situations , the pursuit—to—compensatory shift can be made

wi thout decrement. It does, therefore , i l lustrate sti ll ano ther sim i l-

ar ity between the human an d su bhuman track i ng task .

Un fortunately, the other half of Poulton ’s conclusion regar di ng

asymme trical transfer between pursuit and compensatory tracking was

-~t tested in this experiment. That is , because the primary mission of

a present research was directed toward establishing compensatory

king in pursuit trained animals , the reverse shift (compensator y—

to-pursuit) was not attempted.

In addition , an d base d upon the com parison wi th the two control

su bjects , it appears that not only is the transfer from pursuit-to -

compensatory tracking possibl e, the transfer is in the positive direc-

tion : That is , the three experimental animals appear to have benefited

from the prev i ous pursu i t tracking ex per i ence s i nce the i r scores ran ged

cons id era b ly hi gher than d id those o f the control sub jec ts ~hich

rec eive d no such trainin g. Paren the ticall y, it should be mentioned that

a t the conclus i on of this pro jec t , the control animals were showing a

steady increase -in TOT scores. Thus, their previously men tioned scores

were not based upon asymptotic performances. In fact , the acquisition

functions for these subjects are similar to those of the experimental

animals on the ori gi nal pursui t track i ng task .

Finall y, the fact that the control subjects learned the compensa-

tory task at all , at tests to the fact tha t our trainin g procedure is
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indeed applicable to either compensatory or pursuit tracking . The

cri ti cal fea tures of th i s p roce dure have been s pelle d ou t elsewhere

(Lafferty , Edwar d s , ~1cCoy , ~-1cCutcheon , 1973) and will not be belabored

here . Suffice it so say that the proce dure we have develo ped appears

to fit either task and that no special retraining procedures are required

to train subhuman primates on either pursuit or compensator y tracking.

It wi l l  be recalled that this fea ture , that of a universal training

method , was one of the primary goa ls of this research.

B. TITRATED SHOC K

Our standard training procedure employed continuous high levels of

shock at programmed rates. The presumed advantage of this technique

was that immediate feedback was provided when errors occurred . Also ,

the parameters involved (e.g., frequency , intensity ) could be easily

specified . However , it is also true that shock administered in this

manner has other properties which probably adversely affect tracking

behavior. One obvious example is th.~ skeletal reactions (e.g., thrash-

ing , stick slamming, etc.) which accompany shock and which interfere

with tracking.

The titration procedure represented an attempt to remove the above-

ment i one d emo ti onal conco m i tants which shock p ro duces , and yet retain

shock as the controlling agent in these studies. For present purposes ,

the titration concept was applied as follows : -‘hen the subjec t made

an error , shock was appl i ed , bu t at a reduced (or perhaps nonaversive)

level . The in tensit y of the shock i ncrease d , however , so lon g as the

error existe d. When the shock level became suf fi c i entl y hig h , the sub-

ject corrected the error by returning the controlled element to target.

- - - -— -
-
- - - -

-
- - -

- 
- __________
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In this situation , shock intensity was a direct function of error time .

Under this cond i t i on , shock intensit y began at 1 ma and increased at a

rate of 1 ma to a iaximum of 5 ma.

Juring the latter phases of this project , a tit ra ti on shocker was

purchased , and after several “false star ts ,” prog rammed into the com-

pensa tory tra c kin g system . One na i ve an i mal was sha ped to hol d , and

later to move the control stick in the usual manner. It was then placed

on the tit ra ti on shock sche dule.

Al thou gh prema ture conclus i ons are alwa ys dan gerous , it does not

appear tha t this subject was tracking as wel l as some other subjects

which received the standard-shock treatment. This particular anima l

seemed to have learned more slowly, and r~a in tai ne d a consis ten tly l ower

asympotot ic perfor ’-ance level than the “conventionally trained” animals.

On the other hand , we have learned that great individual differences

exist between ~hesus monkey subjects , and , there fore , another naive

animal was under’ioing training according to the same set of parameters

at the ternination of this project.

In principa l , ~-e believe that the titration technique is a viable

one . At the ~at-e tiwe . it is risky to draw conclusions at this noint

in time. ~‘~~-~tiona l subjects are reqiired along with certain schedule

adjustments before fir- - concl usions can be drawn . Unfortunately, funds

for this reseach were not available.

C. FOOD ‘~~I~ TAIN EJ T~~C KI ~

Colony con finement, handling , chairing , con fi nement i n the ex per-

imen t chamber arid shoc k are all stressful to the Rhesus monkey . This

po i n t was a l lu ded to in the previous sec t ion . The overal l  ef fec t of
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such factors may be that a high stress level is produced which interferes

with , and in some cases prohibits , the learning and iaintenance of a com-

plex and delicate task such as tracking . Nhi le the above-described

titration procedure attempted to retain shock as a reinforcing agent

through a reduction in shock intensity , the present section focuses upon

another source of control , food .

The basic features of this procedure involved training the subject

to maintain a controlled element on target for proqressive ly longer

tine periods in order to obtain food pellets. I order to avoid satia-

tion , the subject was given food pellets only al ~~~~~~~~~ intervals

during the tracking session . At other times, a tone was substituted

for food . By virtue of its previous association with food , the tone

has acquired the capactiy to reinforce behavior secondarily. Actual

tone-food pa irinn occurred on a fixed ratio basis of 5:1 . For each

criterion time on tarciet , the tone ~-:a s presented . Food accompanied

the tone (and maintained its strength as a conditioned reinforcer)

on every fifth presentation.

The first animal studied was trained jointly on food and shock.

When these reinforcing agents were later made independent , it became

clear that shock was the overrridin g agent: That is; the subject would

not work for food independently of shock , but would track to avoid

shoc k independently of food .

Later in the grant period , a second ani i-i al was pretrained on the

FRS tone-food pairing and subsequently placed in the compensatory

trackin q situa t ion. After a few sessions this animal ‘s behavior became

highly erratic , and TOT scores diminished rapidly. ‘~ild food depriva-

tion did not remedy the situation . It appeared that the conditioned

.- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —--. - - -
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(tone) was losing its reinforcing effectiveness. At this time , tracking

sessions were halted and tone-fuod pairings were resumed . In spite of

this additional training , the tone did not appear to be an effective

rein forcer. It was also discovered that the a’~ina l was consumin g pro-

gressively fewer sucrose pellets. Finally, it would not longer eat then

when made free ly av ai la b le i n the home ca ge.

Other animals have evidenced similar behavior w i t~ other sorts of

reinforcing agents. The decline in the reinforcing effectiveness of

these convent i on al re i nforcers i s undoub tedl y res pons ib le fo r the h i ghl y

erra tic data yielded in the food-reinforcement situation.

The fact that ~-ie have not , at this point , established clearly that

com pensator y track i ng can be ma i nta i ned on a food re i nforce ment sche dule ,

does not , in our opinion , vitiate against the basic premise of the pro-

ce dure . An y behavior is o n ly as s tron g an d rel i ab le as are the con di t i ons

use d to su pport tha t behav i or . If the re i nforcers upon which the behav-

ior depends lose their effectiveness , the behavioral output will diniin—

ish. This does not , howev er , reduce the utility of the food-tracking

premise. ~ather , it simply indicates that other reinforcing agents must

be employed . At the conclusion of the grant period , we were of the

opinion that this problem had been solved but , due to a lack of su pport-

in g funds , we were no t a b le to pursue the p ro b lem furt her .

D. HUMAN VS. SUBHU~-1AN OPERATORS IN T i’) TRACKIN G SITUATIO NS

As par t of our p ro g ram to s tudy the com para ti ve s im i lar it ies and/or

diff erences between human and monke y opera tors under id ent i cal s i tuat i c o s ,

data were coll ected from these two species for both pursuit and compen-

satory track i ng tasks . In this connect i on , i t is o f interest that a

paper appeared recently (Bachman , Jae ger , and Newsom 1 976) which focused

_____________ —-
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upon the issue of man-monkey comparisons in a tracking situation . u sing

an argument similar to that which we have employed for some time (i.e.

that a monkey model is necessary for the application of stress to man),

these authors argued convincingly that we must first demonstrate that

these species do show similar performances. Based upon a primate-train-

ing task quite similar to that discovered in our laboratory sonic four

years ago , Bachman , et al. produced results which do lend credibility

to the monkey—man extrapolation since the two species did perform sir~i-

larly on the task stu di es . However , the i r resul ts were base d sole ly

upon the compensatory tracking situation. Our present results both

support and extend those of Bachman et al., since our data are based

upon both compensatory and pursuit tracking si tuat ions.

In the initial phase of the investigation , four humans an d three

Thesus monkeys were studied in the pursuit tracking situation . Tarqc~

size was 1.0 inches and a sum of two sine waves (.122 and .163 cps)

was used as the input. Trials were 30 seconds in duration and separated

by a 30 secon d i nter tr ial interval . Thr ee fif teen-tr ia l b locks were

g i ven to each su bject in a s i ngle sess i on . For the monke ys “off target ’

performances were punished with shock. For the humans , these errors were

punished on an error-cost basis which i~ias subtracted from the tota l amount

of money ($3 maximum) which they could earn . Next , all sub jec ts were

studied in the compensatory tracking situation , characterized by a target

size of 1.0 inches and an input bandwidth varying from .05 to .15 cps .

Error contingencies, trial durations and intertrial intervals were as

i n the former task .

Al though the fine-grained behaviora l outputs remain to be analyzed

and mathemat ized , a preliminar y evaluation can be made from the following

_ _ _ _ _ _  —
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table based on percent of time-on-target scores (TOT).

— ______ _______________________________

Pursu i t Compensator y
.05 .15

Humans 99 .8 99 .9 99 .3

99.6 99.5 99.3

98.5 98.9 98.5

96.7 97.6 97.4

Monkeys 99.8 94.7 94.2

96.9 99.0 98.4

92.6 89.6 90.8

From the above table , it is clear tha t both human and su bhuman op-

era tors per form qu it e wel l on bo th tasks . Ver y few errors occur i n any

si tuation . More importantly, both humans and monkeys show negligible

effects of the par ameter chan ges . The func ti onal relat i onshi p between

TOT an d parameter changes is quite similar for each individual organisni

studied . It i s the po i nt wh i ch i s of cr i tical si gn i f i cance ; v i z tha t

the func ti onal relat i onships are the sa me , regardless of the species.

The results , alon g with those of Bachman et al., offer strong

suppor t for the contention tha t human and monkey opera tors are s i mi lar

on the two tasks .  Any d i fferences wh i ch exis t are quan titative , not

qual i ta ti ve . There fore , the emotionally-based argument. offered by some

that man and monke .y are functionally different is not supported by

emp ir i cal fac t .
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E. EFFECTS OF TRAN QUILIZING DRUGS ON PURSUIT TRACKI NG

Before discarding the mechanical pursuit tracking faci l i ty in favor

of the com pensatory system , two animals were given a series of tracking

sessions under various dosages of two tranquilizing agents , chlor pro —

mazene (CPZ) and pentoharhital. CPZ is classified as an antipsychotic

drug and is viewed as a “major tranquilizer ’ . Pentobarbital is a barbi-

tuate , and is classified as a ‘ m inor tranquilizer ” . ~elatively little

is known regard i ng the effec ti veness o f these d ru gs on co mp lex pyscho-

motor activities such as tracking . Therefore , one purpose of the study

was to determine whether the two chemical agents would have different

effects on tracking ability . Another purpose was related to the earlier-

mentioned “emo tional effec ts ” of high stress levels associated with the

shock-maintaine d tracking situation . Specifically, it seemed possible

that low dosa ges of tran qu i l i zers coul d ac tuall y improve trackin g

efficiency .

As wit h many p sycho pharmacolo gi cal ex per iments , the genera l plan

was to es tab l i s h a basel i ne , adm i n i ster a d ru g at a low dose level ,

an d gra duall y i ncrease the dos e on su bse quen t dru g sessions unt i l the

performance level changed significantly. Next , for pur poses of re pli-

cation , the l ower case levels we~’e repeated. In the present situation ,

drugs were given intramuscularly at irregular intervals , bu t never more

than one each week . Several non-drug , or placebo sess i ons were always

spaced between any two drug conditions. One anima l (Hoppy) was given

CPZ at severa l dosages and the pentobarbital at several dosages. The

dru g order was reversed for the second anima l , Bi g Boy . Both subjects

received the “standard” tracking conditions described earlier (i.e.,

--- ---4
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30 second t r ia ls , 30 second ITI , full-intens ity shock).

Computer analysis and ma thematical description of the “fine gra i n ”

aspects of the drug-produced behaviors is yet to be accomplished . r-lever-

theless , time on tar get scores , TOT ( in terms of percentages), appear

below . It is important to realize that the d ru g dosa ges were gi ven i n

the or der in which the y appear .

CPZ (HOPPY L BASELINE = 99.3%

Dos-~ (Mg/Kg ) .2 .5 1.0 .75 .5 .35 .2

% TOT 97.1 97.7 41.2 32.8 41.0 54.9 51 .8

CPZ (Big Boy) BASELINE = 96.3%

Dose (Mg/Kg ) ~2 .35 .2 .15

% TOT 92.2 40.0 76.2 95.2

PENTOBARBITAL (Ho ppy) BASELINE 99.8% _______ —-

Jose (Mg/Kg ) 5.0 8.0 1.20 3.5 5.0

% TOT 94.0 74.7 71.4 58.1 59.3

PENTOBARBITAL (Big Boy~ BASELI NE = 96 .3%
Dose (‘1~/Kg ) 5.9 8.0 12.0 15.0 8.0 5.0

% TOT 90.5 88.0 90.0 41.0 86.3 89.1

Loo king first at the effect of CPZ , the l owest dose (.2 !-lg/Kg ) had

onlj a s1i -~ht effect on tracking efficiency . This was true for both

anim als. At this point , the similarity of their reactions to the drug

ended . For one anima l (Happy) increased doses up to 1.0 ‘lg/Kg produced

systematic decr&.ises in TOT scores. More interesting , however , is the

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
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fact that the return to l ower dose levels was not accompanied by increases

in tracking efficiency . Thus, this animal ’s res ponse was dose depen dent

until track i ng had become severl y at tenuated , bu t i t was dose inde pend-

ent beyond that point.

A different picture emerged wi th the second anima l (Big Boy)

stud i ed under CPZ . In the first place , this monkey was clearly more

sensitive to the drug. A dose of .35 ~-1g/Kg was sufficient to suppress

his tracking efficiency below the chance level . More interestin qly,

th is animal ’ s behavior appears to be more dose-dependent. The return

to lower doses yielded progressive increases in tracking efficiency.

The oniy discrepency in this general izat ion occurred at .2 Mg/Kg where

TOT w~c 16~ less on the second administration of this dose. This was

due ma inly to a s i ng le ep iso de i n wh i ch the an i mal remove d hi s hands

from the stick.

Consider now, the effect of pen tobarbital. Clearly, much la rger

doses of this agent were required to affect behavior measurably. For

one animal , Hoppy , the effec t was much the same as wi th CPZ ; tha t is ,

TOT scores decreased progressively with increased dose level . Beyon d

this point , howeve r , decreases in dosa ge were not accom pan i ed by

increases in tracking efficiency. TOT scores at 3.5 and 5.0 Mg /Kg were

both considerably below that at the initial 5.0 dose level . Again ,

this animal ’ s tracking eff iciency was at f irst decreased by increasing

dosa ges , but later , TOT rema i ned low and was unrelate d to dose magn i tu de.

In shar p con trast , was the effect of pentobarbital on the second anima l ,

Big Boy . Again , the effec t of dose s tren gth on track i ng ef ficiency was

i nve rse ; as dose leve l i ncr ease d , trackin g eff i cienc y decreased .

Clearl y, the effect of both drugs was dependent as much on the

-— - ~~~~~~~~~~~~~~~~~~~~
- .  

~~~~~~~~~~~~~~~~~~~~~~~~~~
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in d ivi dual an imal as it was on the s peci fi c dose emplo yed. The mos t

in terest i ng case is Ho ppy who was unabl e to recover hi s track i ng

ef fi c ienc y at any dose level . Sti l l , this sub ject di d track effec ti ve-

l y on non-drug days . As a matter of fact , th is anima l ‘ s performance

actually improved slightly over successive baseline sessions. Perha ps ,

for this animal , any quantity of drug functioned as a discrimina tive

st imulus an d it s performance became “state dependent” (e.g., Over ton ,

1 967). This finding may also reflect the possibility that the two

animals studied used quite different strategies in learning and perform-

ing in the tracking situation , and that the drugs studied here select-

ivel y affected one of these mechanisms.

_ _ _  . _ _ _ _ _ _ _ _  _ _ _ _ _
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SECTIO N II

DATA AC QUIS IT IJ~ , ~~ LYSI S AND MATH L-~AT IC A L MODELING

This section describes the development of a 5 parameter model to

fit the primate data in a compensatory tracking task. A computer iter-

ative scheme of deter ‘ining the optim al parameters of a given model

based on experimental data is also detailed . This section begins ~iith

a description of the electronic system used in tracking experiments

followe d by a overv i ew o f proce ss con trol , data acquisition and analysis ,

and model identificaiton scheme and modeling results.

A . TRACKING SYSTEM

The elec tronic system used in tracking experiments was custom-

designed and built at Wenner-Gren Research Labora tory . The machine is

fully prog rammab le i n that all parameters l ike “Test” , “Rest” and “Grace ”

periods , an d number of “Test/Rest” cycles can be externally prepro-

grammed . In addition , the ma chi ne can be use d ei ther in the Pursu it or

Compensatory mode.

Tu e flow chart of Fig. 2.1 gives a block diagram description of the

system . The system primarily consists of hybrid—analog and digital sig-

nal condit i oners des ig ned to control the X , Y and Z axis display of a

Ca thode Ray Tube (CRT). The stationary pattern of the CRT screen , s hown

in Fig. 2.2a , is generated internally using analog circuits . The scheme

used to do this is shown in Fig. 2.2b.

Notice that the pattern of Fig. 2.2b can be generated on a CRT by

simp l y L.- in g r 1 Sin ~t and r2 Sin ~t on hor i zonta l ax i s dis p la y con trol

and r 1 Cos .t and r2 Cos ~t on vertical -axis display control . Both
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Sin ~t and r2 Sin ~t, an d r 1 Cos wt and r2 Cos ~t are time- multiplexed

usin g Z—axis control . However , if r2 on the vertical axis is greatly

amplified compared to r2 on the hor i zon tal ax i s , the pattern of Fig.

2.2a would be generated . Depending on the mode , pursuit or compensatory ,

the analog input signal , stimulus x(t), is use d to con trol the mo ti on

of vertical lines or the central cursor (dot) along the X- axis , res pec t-

ively. The stick output y(t) controls the motion of the cursor both in

pursuit and compensatory modes. An error signal e(t) is generated when

the cursor crosses boundary limits which turns shock on and simultaneously

causes the cursor to blink. All these signals x(t), y(t) and e(t) are

internally conditioned to lie within 0-2 volts and are made available to

the Raytheon-704 computer for digitization.

The digita l section is basically a quad-time—state logic machine .

Ex terna l manual controls “Clear ” and “Go ” ena b le the machi ne to be rese t ,

and initialized before starting the experimental session . “Clear ” sig-

nals the machine into the “Ready ” state and simultaneously triggers the

CRT pattern of Fig. 2.2a. The “Go ” signal takes the machine to “Test”

state . In this state the machine waits for “Grace ” period T1 , and then

checks to see if the subject is on target. In an off target condition ,

the cursor is caused to flash and shock is applied to the subject.

Shock continues until the subject is back on target at which time both

l ight-blinks and shock signals are turned off. During the entire “Test”

period the machine keeps track of time and at the end of T2 secon d s

“Rest” state is entered and all activity ceases for T3 secon d s . The

“Rest” state is followed by “ Incr emen t” state i n which the mach i ne chec ks

if preset numbers of “Test/Rest” cycles have been completed , if not ,

a new cycle is initiated . At the end of the last cycle the machin e halts.
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The “Grace ” period T 1 may be preset as a multiple of 1 second .

“Test ’ and “Rest” periods T2 and T3 respectively can be preprogrammed

as multiples of 10 seconds.

1 . Random Inputs: The input used for exciting the system (causing

the cursor to move) was Gaussian-random in nature and was derived from

a Ran dom Signal generator (Hewlett Packard). The prima ry reason for

using random input signals was to remove the el ement of predictability

from the operator ’ s res ponse . In th i s rese arch , the analo g random s i n-

nals of frequency bandwidths 0.05 Hz and 0.15 Hz were used .

B. EXPERI MENT

The main body of the experiment consisted of a series of runs coy-

ering the pursuit task initially and then gradually changing to compen-

satory tasks. The range of input frequencies ‘‘a s very low , onl y ex ten d-

ing to 0.15 Hz. This was done to establish a data base in the l owest

frequency ran ge , disregarded thus far.

Both in pursuit and compensatory tracking tasks the animals were

restrained in a chair in full view of a control stick and CRT target

display .

1. Pursuit Tracking : The two vertical lines of Fig. 2.2a were

moved either in a regular or random fashion , along the X-axis under the

i nfl uence o f an ext ernal st im ulus . Tes t an im als  were requ i re d to maneu-

ver the control stick to keep the cursor between the two vertical lines.

2 . Com pens atroy Trackin g : The ex ternal s ti mulus was app l i ed to

the cursor forc i ng it ou tside the ver ti ca l l i nes . The tes t a ni mals were

required to manipulate the stick to position the cursor within the ver-

tical l i nes.
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C. DATA ACQU ISiTION AN D ANALYSIS

During each experimental session , random input x(t) to the con-

trolled element and stick output y(t) were digitized every 16 msecs on

• the Raytheon 704 digital computer. T~~ computer was programmed to re-

cognize “Rest” periods and discontinue data acquisition. In brief , data

was recorded for 15 minutes on magnetic tapes ~or off-line analysis on

the IBM 370/165 computer. The ~~~~ p 1m g ‘ a te of 16 msec ‘- -‘as chos -~n to

include all higher frequencies in tic -~ t - l ec t ’s res ponse .

For data analysis pur poses , the ‘-~-nieti c tapes were taken to the

Computer Center for evaluating a describin q fjn-~tion using pr nqi’a’is

based on Time-series-analysis (Gupta , 1977). This program was developed

for use on IBM 370/165 , using subroutines from literature (Reid , 1969).

The first part of the program combines subroutines FRTRM , S’JRTC ,

CRSCOR an d PSD , to evaluate cross-spectral esth-~ates 
~~~~~~ 

(cross-spectra

between input and output) and : ie (c ru ;s -spectra between input and error).

and 
~ie 

estimates mere used to calculate the describing function as

given by

( j . )
2.1 Y (j~ ) = _______

-
~~ ci - )

Si nce in Equ ati on 2 . 1 , both and :ie are complex numbers , they can

be combined to express Y(j~ ) as a series of rea l and imaginary parts .

Re [~~~~
. 3 + j in: ~: . 3

2.2 Y(j~ ) = .~__—~ i~9
Re [ : ~~] + j In He3

= 
Re [:~~3 + j 1w [ : ]

~~ 
Re [tie] 

— j  In

Re + j ~ He 3 ~e [t ie] — “~ He~
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- 

(Re [t
~ 0

]) 2 + ( 1w He~
2 

+ j (Re[
~ ie ] . Im[:~~]

- 

— —~~~ ____________________________

(Re [tie ]) 2 + (In He~
2

= Y ’ (
~

) + j Y ” ~-4

D. MODEL IDENTIFICAT IDN SCHE ME

The last phase of the analysis was matching the describi nq function

estimates with a suitable model . Model ident i f icat ion starts wi th  the

assumption of a known model based on a visual jud gement. Since the model

transfer function G (j~ ) can be expressed as a complex number:

2.3 G(j~ ) = % ‘ ( ~ ) + j G” (~ )

an a logrith m w as de’iised to determine optimal values of various model

parameters to minimize the sum squared error S defined by

2.4 5 (7~) = 
~ (G~ - Y .~)

2 
+ (G~’ -

where i is a frequency index , G~ and G~’ are data computed for the

assumed model and Y .~ and Y~’ are experimentally observed data . G .~ and

are computed for the chosen model using arbitrarily chosen values of

unknown parameters % , the dimension of which depends on the number of

param eters in the model

Differentiation of Equation 2.4 with respect to a nive n unknown

parameter A~ is given by

~~ 
2~~c G~ - -q) --~-~- + 2 ( G ~’ — Y ’ )  ~~L

j 1 J J

Since S is a function of ~, a Taylor series expansion in terms of known

va lues of S and ~ ‘ lay be m ade. (A is the initially chosen parameter set)
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2.6 S (A) = S (~°) 
+ —4— A~ + higher order trms

Thus if hig her order terms i n Equa tion 2 .6 can be neg lec ted , an i nter-

active program using Equations 2.2 and 2.3 nay be devised such that S(A)

tends to zero (perfect fit). The program beg ins with an arbitrarily

chosen parame ter vec tor , A° . The upper and lower li mit s on t he unkonwn

parameters are requ i red both to limit the search area and to phys icall y

inter pret the data . The func tion value , S(~°), G.’ , G~ and 
-

~~~~

_ are com-

puted using Equation 2.6 and the chosen model . If 5(A°) and the magni-

tude of the gradient , G(A°), defined by,

~~
-

,~~
-

~~~‘ _  ,S ~S
‘ 1 ‘ 2

ar e less than a spec i f i ed tole rance the com puter sear ch fo r a local

mi n i ma is over and a new one can be made w it h a diff erent start i ng

parameter vector. This is usually not the case whence a move in the

negative gradient direction is made to define a new parameter vector

2.8 J~~ = A 0~~~ ~( A ° )

w here -~~ is defined by

f/b
2.9 -x = _________________

< ~(A ° ) ,  ~
‘(A ° )  >

Equations 2.8 and 2.9 define the steepest descent formula (McGhee , 1967).

At the new vec tor A~
1 the curve fit error S(Nn ) is computed and compared

with S(A°). If the error has been reduced the new values are assumed

and Equa ti ons 2.8 and 2.2 are used recursivel y. In the even t the s tee p-

es t descent method fai ls , a secon d order gra di ent techniq ue known as the 

- -
~ -~~--—~~- . — --  - -‘ — -

~~~‘
-‘ ‘~~“
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Newton—Raphson technique (McGhee , 1 967) has been incorporated which has

good convergence properties in the vicinity of a minima . The new vector

~~ w i th  this formula is given by

2.10 A~ = - [: T 
~ + 0T ~]

_ l 
~~~ (A ’

0 )

where :- and a are rectangular matrices of partial derivatives of error

terms (G~ - Y~) and (G~ - Y~’) with respect to the unknown parameters.

The process of i terative minimization of sum—squared error continues

until no further reduction in S is possible with both the above gradient

techniques.

E. VERIFICATIO N OF DATA REDUCTION TECHNIQUES

In order to test the program ’ s ability to measure a linear system

transfer function , three types of simulations were made. The first sim-

u lat ion t o tes t auto-power—spectra l estimates was effected by digitizing

two sinusoidal waveforms of frequencies 2 Hz and 6 Hz. The program iden-

tified the predominant frequencies close to 2 Hz and 6 Hz. Fig. 2.3

shows power spectral estimates predicted by the program .

The second simulation of Fig. 2.4 was aimed at identifying an open

loop system . The open loop system was simulated digitally using both

the standard z-transform and bilinear z-form techniques. T~e z—trans-

form equati on for the system i s given by

- 1 1  Y z  — -10 = 
-lOT

X z — 

s—a z = e5T l_ e~~
Tz_ l

where a = 3

T = 16 msec

The bilinear z-form equations for the system of Fig. 2.3 are
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2.12
l+z~ 

T

and

2.13 ~~T = tan

Actual and observed magnitude and phase plots are shown in Figs.

2.Ca and 2.6b. A compar i son of the results was made with a prog ram

developed at the University of California (BMD 02T). It was observed

t ha t our pro grams fitte d the actual results to wi th i n an accuracy of

~~ The results are shown i n Fig. 2.7 where the correl ati on i ndex

is com put ed as a function of fre quenc y. It shoul d also be no ted that

the cumula tive p
2 is very nearly .99, indicating that the system is

line ar. In order to verify the program ’s ability to identify an unknown

system in a closed loop conf iguration , the system shown in Fig. 2.5 was

digitally simulated using Equations 2.14 and 2.15 to generate Y (kT) and

E(kT) respectively.

2.14 Y(kT) = {l.323 x(k-2) - x (k )  + 7.9241088 Y(k— l )

-(4 .03 79456 .1232 .~) Y(k 2 ) }  / (4.3379456 + .1232~~)

2.15 E (kT) = { ( 4 . 1  + • 12 3 2

~~~~~~~ 

x(k) - 8.0 x(k-l ) + (4.3 - .l232,~~)

x(k-2 ) + 7.D24 1088 e ( k - l )  - (4 .03 79456 - . l2 32 ,~~)

Y (k- 2) } / (4.0379456 + . 1232 .3 )

Where is the digital equivalent of the analog cutoff frequency defined

by Equation 2.13. The results are shown in Figs. 2.8a and 2.8b.

T he pro g ram was foun d conver gent for var i ous s tar ti ng values chosen

for a known 4-para meter model of Equation 2. 16.

e
_ S  

(1 + I s)
-

‘ 
2.16 G (j-.) —__________

(l+T 2s)(l+T3s)
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The model parameter values were chosen as -r = 3.2 sec , T1 
= 0.2 sec ,

T2 
= 0.5 sec, and T3 = 5.0 sec . The program identified these parameters

as -r 0.19997, T1 
= 0.19997 , 12 = 0.50005 and T3 

= 4.9950 starting with

the ar bit rarily chosen values of -r = 0.5, T1 
= .5, T2 

= 2.5 and T3 
= 5.2.

The model identification scheme was also used for a 5-parameter model

of Equation 2.17. The ,reason for choos i ng the model of Equa ti on 2.1 7 i s

the genera l acce p tance of th i s model i n literature for human su bjec ts .

Ke
_ T S  (1 + T1 s)

2.17 G(jw) = _________________

(1 + T2s)(l + T 3s)

‘Jith parameters chosen as
K 2.0

T = 0.2 sec

l
~ 

= 0.2 sec

T2 = 0.5 sec

13 5.0 sec

A typical set of parameters identified was

T = 0.20012 sec

K = 1.9990
= 0.2005 sec

T2 = 0.5008 sec

13 
— 4.995 sec

with s = 0.31970 x l0~~. Several startin g pa rameter vectors were chosen

for both 4 parame ter and 5 parame ter models and resul ts were compara b le

to those discussed above. A typical run wi th 6 trials took 60 seconds

of computer time i.e., 1 0 seconds per trial.

Table 2.1 and 2.2 contain the initial and final vectors for 4-para-

meter and 5-parameter models respectively.

__________________________________________ __________ ~~~~~~~~ - 
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Table 2.1 - 4-Parameter Model

# of Ini t i al Final Correla ti on
Run ~ Iterat ions Vector Vec tor Error

1 119 = .5 = .2078 .1964 x l0~~
11 

= .5 T1 
= .211

T2 
= 2.5 T2 

= .5130

T3 
= 5.0 T3 

= 4.985

2 131 = .45 = .1999 .1935 x lO~~

= .6 T1 
= .1999

T2 
= 4.0 T2 

= .5000

T3 
= 5.0 T3 

= 4.998 0

3 83 = .3 = .1991 .5527 x 10-6

T1 
= .3 T1 

= .1956

= .5 12 
= .4143

13 
= 5.2 T3 

= 5.008

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  •
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a

Table 2.2 - 5-Parameter Model

~ of In i t i al Final Correla tio n
Run ~ Itera tions Vector Vector Error

140 = .5 = .200 1 .1349 x io 6

11 = .5 l
~ 

= .2005

12 
= 2.5 T2 

= .5008

13 
= 5.0 T3 

= 4.995

K = 1.0 K 1.9999

2 104 .3 .1998 .1445 x lO~~

= .4 I
~ 

.1994

12 2. 0 1-., .4991

13 
= 6.B T3 

= 5.0041

K = 2.0 K 2.0001

3 42 .6 = .2001 .1421 x io 6

T1 
= .6 Il 

= .2005

T7 = 4.0 T2 
= .5009

I3 = 6.0 T3 
= 4.9957

K = 2.0 K = 1 .9989
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F . MODELING RESULTS

In the investigation detailed here , three Rhesus monkeys , Bu tch ,

Hoppy and Big Boy were use d as su bhuman operators i n a shoc k con trolle d

compensatory tracking situation . For each of the animals , five tanes

were randomly c hosen , both in .15 Hz and .05 Hz ranges. One of the

three monke ys , namely Biq Boy , was trained for only a few days on 0.05

Hz . Consequently, the number of recordings made were not enough to es-

timate his describing function in the .05 Hz range.

The describing function data , namely magnitude in dO and phase an9le

~n degrees, for the three prima tes , is presented in Tables ‘11 through

15. Tables 12, 13 and ‘-14 contain estimates for frequency bandwidth of

.15 Hz and Tables ‘11 and 15 for .05 Hz. The last two columns in each

of the Tables 11-15 , both for magnitude and phase angle , con tai n the

mean for the five sets of data together , -,ith tile standard deviation.

Both for the .15 Hz and 0.05 Hz signal bandwidths , magnitude of the

describing function averaged between -12.0 dB and 30.0 dB whereas the

phase angle averaged between 10° to -115° . In the frequency range of

.15 Hz , the standard deviat ion in magnitude and phase angle were re-

spectively of the order of 0-3 dB and 3° -30° . In the 0.05 Hz band~;idth ,

howev er , the deviation was rel atively higher. This was mainly due to

the ali asing introduced by the very low frequency components in the

input si gnal. Mean describing function estimates together with the

standard deviation are plotted in Figs. 2.9 through 2.13.

Similar ly,  Tables Hl and H2 contain the describing function data

for human subjects Human 2 and Human 3 -for both f req uen c y rannes 0.05

Hz and 0.15 Hz. he ‘I-Inn i tude and phase angle for the mv ’an subjects

ranged fror- - 5 dO to 45d B , and - l0’~ to ~1100 respectively. It should

- 
-

- 
-~~ ~~~~ - - - -



_ _ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~~~~~~~~~~~~ --- ~~~_‘~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~ ‘:‘

37

— -4
. 

•; C; •‘ 4 - • — .-‘ -S

- C -  CC C-) -, C .  - ,  “— I C~’ — - ~‘ — r.  (“4
-‘ - -I - - ~C’ -‘ -c — - - N C- — 1 - 0

— • I . 4’ , C- -! J N - C C -I ’4 4
C” _ - 0 -~ — - iC ‘C ~.

C: 
-
~ 

_
_
• _

; 
-
~ 

‘ -  I —
~ ._. —

-~ N C’ C N 4- C I 4.’ 0-  — 0;
-j - r (C —. C — C -C — —N

C’ ‘- -C C - -I N •~
- , - - -  C’ C . C- • C’

- r- - - C C C — ‘I
N , ‘ - — ~ ‘ —

-C -C C C -  4’4 0 .-. ,. 0’ -4
N -s n -, C . ’  C’. C’ .,- C- . C . N 0 0
N
— -C C:  C N C C - . ~~~~~~~~ r ?  ‘ C -,

C- .4 C- C’ , N Ci C- C . - — Ci N C C
— Ci ‘N 4 , I I U - ‘ .— U I I

C)

o .3 “ C’ -C -, C - C’. -, C- ‘- -, C
N] — -, - —1 4-, , C’ C’ — -C -C — C, .4 -.3 CC

C N 
-
. 

C C ’ ” -
.

C -‘ r’- 4 - C -C ’ -I ‘3 -‘ N  - I ? , N C -
N .. 4 I I I — I ‘ . —‘ I

Ci C’

0 ’ Y 00 .3 C, -~~ -C C ’ f l ’ C- ‘C -‘ 0 C-O N C — — — C C , — C- - C 4 C -  “ .4 4
I N

- - , • C- C ,  -C -t -C -_~~~~~ ‘ - C, — ‘C C’ 1’
N — I 1 1 1 1 1  .‘- 4 — —C’ I

—C ‘0 C) 
_ _ _ _ _ _ _ _

.4-4 -
Ci —Ci ‘C’ — •—, ~ ‘ — C- ‘4 C— 0- — (4-I I) N C- — (‘ ~‘I N C-
Lt. C -- 4 ~~~~~~ ‘ C , C ,  Ci (‘ ‘4

C’ - -‘ C , __________

‘.-1 —4

ci - “t- - - -C ~4) C- 
— C- - 

—‘4-4 — --
-
~ Cl) “ ‘-‘ , C, - s ‘- —- “ C Ci .4 41( 4 N C,

4-4 .4

• C’ ‘C C C. C - ,  C N N .3 C~ (4-I N C
— C _ _ _ _ _  

— -_ , 4
-C — 0 4 ’ - 0~ (‘ C C’ N u’ C-’ — 

--C 
“ -? Ci 4. N C , ‘3 N . Ci C-I (“4 C’ C .

04 -, N I’ .‘. C ,4 -.3 C- CC 1 C 0 

“I
1-’

‘C C~ .4 4” , C- C C C C’ .4 ‘5 ‘.3 -- -C CG -: ‘. 
(‘
. ~. 

‘. ~~ 
C .4

N C ‘ C. C. C , — ‘ C- ‘C C 0, C (‘. —
N - -  — — 4

C-

‘C 0 —‘ — C- N 4’ 0, 4’ - C 44 .-. C- .4 ‘C C

3. N - I  (C ‘C C’ — N 0 0  C- (C N ‘.4
CC C) ‘N 

— — 4

4i .0 — C-- 4 ( ‘4 -, C-- N 4 - - N ‘0 (“ I 0 C4” C - .

NO C) 
~(‘ 4 C) Q~ N C- N C- (N C. ‘.4

‘3
-C N 0) (‘4 N C-I U’ — IN ‘0 4 C ’ ‘3 -C —N C- 7 ‘0 N •_~ ,“, o ’ 4  ‘ S — - C o ’ ,. C.4~~~~~~ C’
-! ‘ -‘ C- 0’ C( 0 ~I 1 (‘4 0 ‘._ (‘4

C, — I I

• .3
0
2.2 N ,  ‘N -SI C- 0- (N 4_ C 5’ C C’ 5’I I 

~‘4 N. 4’. C,



~~~~~~~~~~~ -~~~~~~ - - - - ~~~- - - - - — - - - . -~~~~~~~~~

38

-( 4” 4 “ 1 C-- - -

C ‘ I ’ ~4 C l  .—. o -  IC’ ( . 1 5— ‘4’ “. N CI -t

: .. .~ : ,C ,

N N- (C- U’ C~ -C- r ‘ - Cr - ‘ C C-

CC. 1 -. -‘ .- I” ( - “-I -Cl - -

C’ (‘0 - ,  - - - -
‘ ‘C I 4- 4 - -/ ( 1 II- ‘C .4’ IC’ 0 4’ ‘CCl! ‘, I I C I I I I I 4 I . 4 —.

I -C a- ‘ 0 ‘0 C~ C’ 4- CC ,t 4’ 5 1’
I - - —‘ ‘ 4 — .3 &C- 4 0’ C , 4 -  C . — —. C- C’
Co ‘C.

3’ C’ - N C , ‘3 41 — ‘. r .-. 1 N. -‘ C --
1 C’~ — -( C, C- CC 4 4 —- ~‘ - - N C- C- C’

— N. I 4 I I I I I I I I I C I I

O ‘: C’

g

~~ ~~N ,, N.
-‘ C’- - - -  C ~_!~ — ‘ - (“4 — — -— . — I

I 
‘~‘ 

— -
~ I

’ 
I C I C I

(C’

IC’ C)
C’ N. 

-
.

C — N- NO IC 44 .( C lI C N C’ C N- C’ 0
O .C “ I I I I 4 4 I I I I I I 4 4
.4- 4-’
4-’ D
0 • r- • 4 .1
C ~~ 

— — C’ “4 N -~ .-c, — IC- C I  4” 0 
— C- C’. Ci 4- .Lo~ C - -. 

_______________________________________

‘C’
~~C

.0 (C’

.4- C 
____________________________________

s”- a- . • 1’ i ‘C C’ (4- I 0 0 -  —‘ C! —- C-- -‘C- I’O . C N. 4- . C IC C - (N (“1 ‘(~ C’ C - C _ ‘4 C— C’ (‘I4/3 1/) - - -
0.3 ‘ -  C, r’-~~~~~~~~~~~~ - -  

C’ a 

-

________  _______________________________

0 ‘CI -- -C 0 - Cl — UN CC C- , -  — ‘N — C ,f, -.0 C: .C (S4 -‘ 3 C 4’ ‘4 - .j ‘4• IC’ - ,

(‘i C - 44  C’ CI —‘ C’, — “4 1 I’ C l ’  - 4) - ,

~~ zZ — _ _ _  
-, - - -,

4- - —, C! a’ -C .4 ~‘1 4 C 4 4, -
U’ C C ) C - C , ,.’C N . , ( N C

so N.
4-

N- CC ( (N “ C’) 0 C ‘., “ 17 (3 . — ‘0

-. C 1’ N-

£ —‘ -r .0 C) — 4 ‘CC C’ (“C CI (4 C,-- ‘ - ‘ - - , 4’ 4 4’ 1” .4 N —. 1” 0 N “‘ “ C
C 5~ ) 4’ C C’ C- IC, — C , C’ (4 0) C’ .0 IN

- :  ‘ & - ‘ — C) I’. - - - , C ( C ’  4” .3 C) C- ( 4 ,C ‘ .“I 4” Ii C C’ — - ,“ .1 II (I~
.3 -1 C-I IC 4’ C’ ‘0 ~! ,.4 - :

-0 -‘4 CC C) 1” — ‘N “C C’ ~~ -- C’. - ‘ IS’ - --
. 0 _ C ’ )  4 ‘C ’ C ’ C -  4C -C

“4 -‘ ‘ U  - C. - , (~ ( C S (C 0 0-4 .1 3 — -

N. C C  “ I ‘I N (3 . ‘ . C - 4 N -r4 . . ( N 0 . _, 4’4- — — - .  — N C - N .  C,

-- 
_ _ j



_ _  ~~~ - - --~~~~~~~~~~~ -~~~~~~~~~~~~~~~~ - ‘ - - -‘  -- -- ‘C ‘ _ _ _

39

C ’ C’ - CU II ’ ) I -. ‘C C ‘~ C- C -

I 

I C C -  ‘C

-— CC —‘ 4 ‘C — . (‘4 .~ -. — (‘1 4% C- 44’ ~lC

I C 4’4 ‘- - - 1’ 41 4’ -‘ C!

N. ( I I I I I I I I ( I ) I I

C,

C I ‘C I -. 4’ 1 II’ C’ ‘ -( ‘4 0’- - -.
CIC ‘~_ — ‘ I

C’ 1’ ‘U ‘3 .4’ ” — -, C ‘ -‘ — ‘C —‘ a’ .‘ C-’

U ---C - ,I ‘~~~~~~~~~~~~ ,I ’ 4 0 ’  .‘ ‘- - - I -
.4 — - N C’. C .4 4 - - U’ . r ‘ ‘‘ ‘0 (‘
— CC’ ‘. .- I I I I I - ) I I I I I C

.0 141 0
o - - -4-) - 

(C -. C’ - 
-

44 N.
N] C’ - -  C N (N - -  4’ . .4 . ‘ ~~~~~~ ‘ ‘ 4 ’  0 -

I ‘4
11’)

so —
• .3 4 CC C UN 0” _~ -, - - 0 - - (U 4-N NO —-

so C)
C 

~
‘ 

~‘ (4’ ~- C- CI ‘ i -’ — f l C  “ C - -
I 

~~ - 0) I C U’- IC” - - - — .‘ •‘ ‘ 4 C (  ~- C

C “,~ I C I I I I I I I I I I )
0 .0 4’

•4_ 4-) — 
IN

4,,) ‘a • 0 ‘4O •~
_ ‘, -

C ~~ 
U,.  , - - — IC’ 4” C’ -‘ “  4’ 17 “ C- ‘ U’

~~ ‘a IC ‘ . - ‘ -. - - - I - -

LL C -‘ - —
so

a-
C

.0 so • ~~~~~ 4 - -  - - -
C I C  - ‘ - - ‘ . C ’ ’  - C- - -‘ ‘ 4-

5- a- ~ - I” - :
O N” C’ (‘ C ’ ’ C ’ 4 . .  - - C ~ - -- - -
4/) 1/) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

U’ C’ C- 4’ - - .‘ - - I .. C” - - . -

• so — _ _ _ _  ‘ - 

5”) C ‘ .40 4’ — U’ CI .. . . . ,_ , 4’ - ‘ —
~~
‘ 

~ r C: &
. : ~~~~~~~~~~~ ’ 4 ; .  2~ -

U’ - - . :~~~~~~~~~~~~~~~~~~ , , : ~~~~~~
C’

~~~~~~~~~~~~~~~~~
4’-

.0 ‘C’
so - I

I— C’ o’ O • C ’  “ “ I C - C C - ”

CC C’ ‘ C’ I C a ’ 4 ) C . - C: C” ~~C” ‘4 ‘ 4 4 , _. ~ .

N. 

0 ’ N -
• 0 ‘.~
- 0

IN — C’! -, C’

NO - ( C( ‘I - :  -
. 

4 IC’

C, 
~‘ ‘ 4 ’ I~~~~~~~~~~~~ 0 ’ ’ : a ’ f l . f l 0 -  ! C -~~~~~~~~~~~ 4

C- _________________________________________________________________

- (Cl “C CC- I l -  I- (I  I.” C’4 ’ ’ s ’ ( C C
C ‘4 ‘-~ I”. ‘~ -

II ... : 
‘—- 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ _4 C(’, —‘ I _.4 ,4_ 4 — —



- - -‘I4’ -’--- ’-’—-- --—-—’--— --- 
‘ ‘ ‘ ~~~~~‘~~~~~ ‘ ‘~~~~~~~~~~ 

a—

40

(N .0 (C) 4’, N .0 (CU UI -0 N — ((I (‘1 C C  0o
— II’ ‘0 3’ (‘C CC (N — .5 1’ CC’ N- — — - ‘
IC! C) .‘ I’ UN .‘-l C - j  -I I’ C - C’ - ‘ - C CC

Y5 144’ C!’ CCI I” . 0 ’  C’-”~~N 1’  Ii -0 CC 5’ CTh C l

3’
41 Cl 0 C) 0’ 4’ -1 — C” — Cl  - -  (‘4
I 0 I ~ . I I I I I — — ‘‘ — I

C I I I ‘ _ ,L.
— ( C C, C’ NC (CC 4’ )‘( — C) CC (N N 10 N 5’

N U’ -. CC -I’ ‘CC ‘C C Ill 4’- .5 C’, 1(1 C” IN 0 C’
N.
CI dl 4 .-. ICC ‘C C .4 -0 N .3’ 4 - .4  O 4 - CS CC I’
o .-‘ IC’ — (‘4 14 (‘I 4 -C —‘ IC Ill C) 40 2 -  0’

I I .‘—0 I I I I —‘ I I I I
‘41 4 4 I
0
Cl C-C’ ‘1 .3 4 N- . Cl 0’ 4’C C’ 0’ ‘I’ ~(1 14-I 4)
N- 13 N- , I C  Cl  U( O C C’ IS’ CCI “4 ‘I C I ’ C - N
‘C
.4 -3 II) 0 (C ‘1.1 .1 CC C) C C .4 (‘ C C , ‘ IC

IC’ ‘N. ‘
I I I~ ‘2 ‘-0 “ ( 

C
4 I I I I

~U1 C- I I I
C C I  0

C) ‘0 C) ICC N )‘J — .3’ CC -C) C-U ‘C N I” 1- Ii U-
CC 0- - C- C CC UI 4 In (4 IC C .3 fl CC- 1441 4 . 0
C) ‘~3. fl C C N . C ( C N  CC -4C C’ 5- 0’ — - ‘C C’0 .) ‘4 .44 3’ -r a- UN C - - ‘ Ii ’ N “U ‘C ‘CC “-
— C) “— — I I I “' I — I I — “‘ —‘ — —

I I I I I I I
a- 

ICC

‘4” •I -0 (“4 ‘1 N ,‘IC 4’- — Cl ICC C ’

~~ N CC N IC’ (‘ - 4 C C  II (Cl Cl ~~ 0 4 ’  -0 01 0’ 4-
C ‘C

I “C ‘~ C ~0C 0 0 ,
~,- .—‘. , ‘C C’ C) N.

LC) 4 C ’ O C ’ C~~~~~~. ’ C C O C C 0 ’ C 0’ 0l .IC~~~~~~C~~~~~~ . 4 )

CC’ ~~~‘ I- I I I I I I I
4~) • 0
° C’ - C’ Cl CI 0) 415 ,_. CC (C- .-IC N C C” CC C’o 4 -s 4-- NJ N N .3 C 4  ,‘C — ‘, -0 C) 4 - CI ‘CC 0 C) N C’. ,U C - IC’I C- - -  5 - ( U  ‘5 N - U N
0 .0 C I  ‘ ID C) 15, ,--) 0 U ” ’ ” ’  ‘41 7 4,1 4 C’ Cl

4-) C’. •‘I ~ ‘ I I -. ~ I I I I

4-’ ‘a I I I I I I I I
o •~~~
C • 411
:, “0 - -  N- IN IN II’) CI’ CO (‘I IA N - (C — IN C N- C1La_ C It I (C ‘4 (‘4 C- C . - Iso — ‘-C 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

CC
C

C
C — ~,

S.- cr IC. C.  ‘1 C CC C~, IC) 11 CC C C .  - - U, 0 C - C C-C

0)5 ‘3 1~ N - 15 .! ‘CC N Cl C 1 4)
- C’ CC ‘C C) CC- ‘3 (3 0 C’ “1 ‘C 3 -CC . C”

C a - — N CC .3’ Cl) I C C  C) (Cl ‘C CC 0 C C I (‘(U
C I,U I I I I I I

‘C’ 
— 

U 
— 

“C C- — N 4 U (N — CC — CC U ‘3’ 0’ 2
~ r C 4’ CC C’. .‘C N N CS IC’ C’ ‘ C 1441 -4’ 14-. .0 UN (3

‘C) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

U’ I I

.0 ‘4

C NI CCI N N IC 10 ‘U C” N ‘0 4 ‘0 CF C’ CC CC ‘C C” 0 II) “U — N — 4 CC 4 C ’  F’.

-, 0 — 0,1 0’ C) 0 C— — .‘-. CC — CS N- 0-C ‘(I
C- — I I I I I S

-C’ .C’ I

-CC 05 N -0 .‘ — N ICC CC 17 -1, N “0 4 — ‘C)— C It C U  CI 4 4 .1 3 C’ USC IN 0 ~C’ 0 4’-
C C 3. 0 C” CC (N (N C! IC’ C 4 144 3’! 0 0 —O q CC I — — I I I I — I “‘00 ‘.. I I

0

N ,C 4 C C  (0 C’ 415 0 CC 0- CC C Ci CI’ 0 I’- “C4’ ‘ C  , 4 IC N C 41 IC ‘4-, N 1 -C — 1) CuN.
‘4 1 —  4 — IC) 4 U 1 ’ 1 0 ‘C’ ‘0’ — U’4 C! —

Cl I I — ‘ I I I I

-4 C) ICC - ‘) ID (?’ — 10 “ 1 10 F C C  — 4 —‘N I CI 0 4’ ‘ ‘ C” (“ -a 4’ -CCI 0 ’ .3 ,1 C”
I C — ‘0 ‘0 0 —. ‘C ‘I’ - 4” 0 C C  “ (CCl — I “ I I I I ~‘0 “C — I‘C, S I I I IN

- .4 (‘I —, (II C - I” 0’ - — (N CC C’ (C — (N 115 4” ((‘IC I 44 — - — — — — ICC NJ ICC (54 Co

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
-

~~~~~~ - ‘  ‘ - - —



41

— . C C .C . ’ C ’ I I I .‘ 5’ 1

4 ‘ ‘ ‘ ‘  C I .  C C ‘ ‘‘ - ‘~ IN - -

1 ’  
CO

— 
4 7 ~ I l’~ 0 

C C  

CCC “ l~1 - C -

— -‘ 0 , U’ .4 0’ - — ‘-‘C C
C- C 4 “ C

C,

— C,

C .3 C C (I C C U’ — N 0- C C 1 C L C . 3’— CC  1, .3 Cl “ — . C C IC ,‘ — C —
— 

1 -C - “ ‘ - C C - IC -- -

.0 .
~‘ 

‘C I I - I I ‘ ‘ CO I
0 ,

4~I

‘ C  U 7 1 —) C’ N 0’ C’ “ IC - - ,-. — C

~~ 7444 C, - - C’C C — C C 4’ 15 C” -, ‘ . - C - -

.0



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -  - -_~~~~— - - —- -- -

42

DESCF ~~~1 B I N G  F U N C T I O N  - H O P P Y
S IG N R L  B A N ON I O T H  

- -  .05 HZ

- O B S E R V E D

CALCULRTED
C’
C’

‘-‘C’.
aD C’)
D

.4 C’

4 ~~ ~~ ~é~ io t 
4 

~~ 
~~~~~~~1o

2

F R E Q U E N C Y  ( H Z )  ~2 q 5 .2

Fig. 2.9

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘ ‘-



43

D E S C R I B I N G  F U N C T I O N  — HO P P Y

SIGNAL BANDWIDTH -- .15 HZ

- O B S E R V E D

- C A L C U L R T E O

C’
C’

~ncnD -
UJ ,~. *

Do I.
JcD x

*

0

100 ~~ ~I
7
~~~~~

h10t 
4 ~~ ~~

F R EQ U E N C Y  (HZ) ‘ 1 2 2 .  6

F i g .  2.10

CC ,~~~~~~ 
C’ _~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~



44

U E S C ~~J B I N G  F U N C T I O N  - B U T C H
S I G N A L  BANDWIDTH -- . 1 5  HZ

- OBSE FiVEU
- CPLCLJLRTEO

0
C’

0 

1’

a:0

C)

0

C)

C~~~cD 
+

I I S I I I I I I I 7 1 
I 2

ü-, 1 0

0 
2 3 L~ 5 6 7 8 91 0

k 2 3 Lj 5 6 7 8 9 10
F R E Q U E N C Y  ( H Z )  ~ 1 2 2 .6

F ig . 2.11

- -‘, ~~~~~~~
‘---- - -— 

- - -,‘-‘-- ,~~~~~~~ ,-~~~
--- 

- - - ~~~~~~~~~~~ j =—’-=
~~~

--



- ‘  -.  --

45

DESCRIBING FUNCTION - B U T C H
SIGNAL BAND W IDTH -- .05 HZ

.Ij - O B S E R V E D

-. C A L C U L A T E D
C’
C’

0

* C
’

I! 
__________________________________

0 
I I 1 1~~~I I I I I 1” 1  1 1 1 ) 7 1

a.- 10 2 3 ‘4 5 6 7 8 9 ’ 1 Q~ 2 3 ‘4 5 6 7 89 ) 1 0
2

FREQUENCY ( HZ ) M2 t 4 5 . 2

F ig . 2.12



‘C ‘ - - -,
~~~~

-- ___‘C - -

46

DESCRIBING FUNCTION — BICBO I
S I G N A L  B A N DW I D T H  -- . 15 H Z

— O B S E R V E D

- -  — CALCUL A TED
C’
C’ 

t

~~

0
—I D

I. 

:

4 5 2 3 4 ~~ ~~~~~~
1102

F R E Q U E N C Y  (HZ) ~~122 .6

Fig. 2.13



— — - -~~~~~~~~~ --~~- ~~~~~~~~~~~~~~~ - 
~ .--.--“ --‘-‘ .‘-- —

47

Table H 1 - Describing Function Data - Human Subjects

Fre quenc y Range:  0. 1 5 Hz

Subject - H 3 Subject - H 2

Freq. (Hz) Ph Ph
245.6 ~1ag. (dB) (Degrees) Mag . (dB) (Degrees)

27.19 -62.25 23.13 —10.57

3 21 .95 -62.39 19.10 -40.38

5 21.57 -56.48 17.10 -26.38

7 19.52 -57.07 16.61 -37.18

9 18.96 -77.68 15.70 -33.38

11 1 5 . 4 5  -81 .07  14 . 9 5  -50.38

13 1 5 . 5 8  - 7 7 . 7 6  1 5 . 9 4  -52.83

15 14.05 -76.85 14.27 -56.08

17 12.19 -77.49 12.38 -71.38

19 11.50 -68.77 9.98 -63.13
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Table H 2 — Descri bi ng Funct i on Data — Hu m an Subjects

Frequency Range: 0.05 Hz

Subject - H 2 Subject - II  3

Fre q . ( H z)  Ph Ph
122.6 

Mag. (dB) (Degrees) ~‘1ag. (dB) (De grees)

34.68 -105.39 45.18 -59.07

3 30.31 —64.19 23.27 -48.48

5 21.93 —85.27 19.37 -57.19

7 23.72 -108.01 17.38 -77.14

9 23.97 -45.17 19.15 -63.91

11 23.82 -85.42 18.46 -29.22

13 19.63 -94.73 16.56 -89.22

15 18.46 -71.19 16.87 -73.30

17 1 5,3 2  -88.78 14 .46  -69 .00

19 12.84 -108.24 10.40 -88.32

- ‘- ‘—-—C-, - ~~~ ~—‘C----~~~~~ --
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be no ted tha t the da ta presente d for the human su bjects i s onl y for one

run each. A ment i on must  a lso be made of the fac t that ev en thou gh the

task set for human su bjec ts was com pensator y i n na ture , it was similar ,

but not the same , as that set for the primates. Whereas the primates

were punished with shock for their off target performances , the human

subjec ts were pun i s hed for these error s on an error- cost basis wh i ch

subtracted from the tota l amount of money ($3.00 maximum ) w hich they

coul d earn . Since data for the human operators were only recorded for

one sess i on , no statistical analysis was nerformed . The data for these

subjects is plotted in Figs. 2 .14-2.17. For the 0.05 Hz range , both for

human an d su bhuman o pera tors , ten describing function estimates were

calculated starting at the fundamenta l frequency of (1/245.2) Hz and

repeated for 9 frequency points , separated in frequency domain by

(2/245.2) Hz. Similarly, for the 0.15 Hz range , the describing function

estii”ates were computed for the fundamental frequency of (1/122.6) Hz

and repeated at 14 frequency points eou~1l y spaced at (2/122.6) Hz.

Using the model identification scheme discussed earlier , model

parameters for all subjects were calculated and are reported in Table P

for both frequency ranges , .05 Hz and .15 Hz. The transfer functions

corresponding to these model parameters are plotted in Figs. 2.9-2.17 ,

along with the measured describing function.

I t is app aren t from Ta bles ~12 and ~13 tha t the desc r ib ing  funct ions

measured for Butch and Hoppy over the .15 Hz range , were cons i sten t from

day to day . Also Figs. 2.9 and 2.10 show that performances of Hoppy and

Butc h were similar over the .15 Hz bandwidth. Table 14 shows marked

var iat i ons i n Bi g Boy 1 s per formance from on e day to another . Th i s in-

con sistenty in his tracking performance is also confirmed by his low
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DESCRI B ING FUNCTION - HUMRN3
SIGNAL BANDWIDTH -- . 15 HZ
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DESC RIBING FUNCTION — HUMRN2
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corre la t ion  index p
2 (u )  ta bu la t e d in  Ta bles 11 and R2 res pect i vel y.

The ~2(~ ) from a control ’s viewpoint , i s a measure of the l i n e a r i t y  in

the opera tor ’s response. Alternatively, [1 - p2 
(c)] is a measure of

the “remnan t” present in the opera tor ’ s res ponse . A close look a t Ta b les

Rl an d R2 reveals cons i sten tly h i g h va lues  of p2 for Hoppy and Butch

over both ranges of frequency used . The values typically lie between

0.58 and .96. The animals showed a marked tendency to introduce more

remnan t at higher frequencies. The human subjects ’ res ponses were much

more l inear  over the fre quenc y spec tru m used , ~s confirmed by high

2 
(~~~) va lues .

The observe d incons i stenc y i n Big Boy ’s res ponse can , in part , be

explained in terms of adaptation and motivatio r’. Again , referring to

the Remnan t column i n Table P i t may be not iced tha t the re por ted

values , which physically represent minimized sum-squared-error S, are

quite consistent for all subjects except Big Boy . The least-squared

error calcula ted was seemingly low and inconsistent ‘- ‘iUi ~2 ~~ values .

This was possi ble due to a lo cal m i n ima observe d i n h i s un pre di cta b le

response. The interanima l consistency as seen in Hoppy ’ s and Butch ’ s

performance could be attributed to their ability to adapt to the

tracking task. Adaptation together ~‘iith motivat ion produced the same

fun cti onal rel at ionsh ip s re gar d l ess of the spec i es . In the case of B i g

Boy, motivation seems to have been more infl u ential , for , even thou gh

he was given the same shock treatment every day, his performance was

inconsistent and showed large variations. In the .05 Hz ranne Hoppy

showed relatively less variation th.~n Butch.

The data for human subjects plotted in Figs. 2.14-2.17 show si-i l-

arity of trend with that of Rhesus monkeys. As seen fC-o!’l Fiqs . 2.9-2 .17

,

~

,
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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the modeled transfer functions, very closely ma tch t he measure d descr i b-

ing function both for human and subhuman operators except Bi g Boy .

The mathematized and quanti tat ive observations discussed above

show qualitative agreement with prel iminary observations made on the

basis of digital , Time-On-Target scores (TOT). The followinq table

shows percen t time on tar get for a l l  sub jects .

CO’IPENSAT ORY TASK
Time -On-Target (TOT)

Frequencies Humans lonkeys

0.05 Hz 99.5 94.7
98.9 99.0

0.15 Hz 99.3 94.2
98.5 98.2

90.8

D ISCUSSION

1. Input Signals

Before d iscuss ing  the experimental  descr ib in g funct ions an d the cal-

culated t ransfer  func t ions  from estimated model parame ters , it is appro-

priate to examine the nature of the time signals circulating in the

operator/ machine l oop . The overall system inputs were derived from a

I’
~auss-ian noise generator and the operator attempted to force the system

output to equal the system input by operating on the stick controller.

Depending on the set performance criteria , operator ’s output may or may

not have been Gaussian. To have a better insight into this aspect of

the problem , the width of the window will have to be taken into account

_—“~~~~~~~~~~~~~~~~ ,~~~
‘-I — -
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(see Window Width). However , since the ‘input signal x(t) was an extern-

ally gene~°ated random noise , it would be uncorrelated with any noise

generated within the system and present at the output. This precisely

means that the correlatio n index p (w) given by

2 18 2 
(~~~) = ___

~xx ~~

woul d be a true measure of the nonl inear ity i n the opera tor res ponse .

Apart from being Gaussian-random , the noise bandwidth was set to a

maximum cutoff frequency of .15 Hz. This ex tremel y low frequency ran ge

was pr imar i l y u sed for two reasons: fi rs t , to train the an i ma ls on a

simple task and then gradu ully make the task more difficult. The

secon d reason ‘.ias to provide a data base in a frequency range that has

hitherto been uninvestigated . Further , it was observed that at higher

frequency ranges , the animals would not track despite the shock treatment.

2. -flndow—widt h

The error signal e(t) was generated by taking the difference of

y(t) and x(t). This would have been mathematically appropriate if the

su bjec ts were re qu i red to al ign the curso r w i th a cen tral l i ne  on th e CRT

display . In such a situation a leftward movement of the cursor would

have required rightward compensation and vice—versa . Since this task

woul d have been extremely difficult , the subjects were required to align

the cursor wi th a line of finite width (one inch). From a control ’s

standpoint this changed the nature of the task. Quantitatively, the

error si gnal e(t) could always have been non-zero even though the sub-

ject was t rack in g 99~’ of the time . In principle , the an imal was not

given a true indication of the error signal. Consideration must also

‘

~ 
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be gi ven to the fact tha t the animal  could have just been s i t t i n g an d

wi gg l i n g the stick generat i ng error even thou gh h i s TOT scores in di cated

zero or no error . Conclus i vely then , s impl i ficat ion i n task resul ted

in ambiguities in operator performance. This is confirmed by Big Boy ’ s

performance results. His TOT scores were appreciably high (90.0%) even

though the correlation index reflected a very poor performance (.30).

3. Hu man vs . Su bhuman Oper ators .

A s par t of the research , data were col l ected on human and su bhuman

subjects both in compensatory and pursuit tracking situations. However ,

in the case of pursuit , since only discrete input frequencies (.122 Hz

and .163 Hz) were used , describing function data was not calculated .

There fore , com par i sons between the two spec ie s w i l l  he m ade solel y on the

ba s i s of results obta i ned from the compensa tory trackin g task . In thi s

con tex t, it is of interest that studies reported by Bachman et al.

(1976) focused on the issue of nan—monkey comparisons in a tracking

situation . They used a primate-training task quite similar to that dis-

covered in our laboratory a few years ago . Bachman et al. have re-

ported results , similar to those observed in this investigation , wh i ch

len d credibility to monkey-man extrapolation . Bachman et al. observed

very low “remnant” in monkey response wh ich is essentially what is re-

ported in Tables Rl and R2.

Quantitat ive evaluation of nan-monkey performance revealed that for

both the human and su bhuman operators the transportation lag was within

.08- .l9 seconds. This is comparable with transportation delay reported

in li terature for human opera tors i n sim i lar trackin g s i tuations , Sh i nners

(1974), McRuer et al. (1974) and Bachman et al. (1976).

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ,
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Table R 1 - Correlation Index - p2 
(~~)

Frequency Bandwidth - 0.15 Hz

~onkeys Human Subjects

Freq. (Hz)
* Big Boy Bu tch Hop py H 2 H 3

122.58

.23 .92 .89 .99 .99

3 .28 .94 .94 .99 .98

5 .40 .94 .93 .98 .98

7 .27 .95 .93 .99 .98

9 .45 .96 .94 .99 .98

11 .32 .95 .93 .99 .98

13 .35 .95 .89 .98 .98

15 .24 .95 .92 .99 .90

17 .23 .95 .90 .98 .98

19 .19 .94 .93 .99 .99

21 .25 .93 .90 .98 .97

23 .22 .89 .83 .98 .96

25 .20 .86 .80 .9 2 .85

27 .16 .80 .76 .88 .82

29 .14 .7 9 .68 .89 .88
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Table R 2 - Correlation Index - p2 
(~~)

Frequency Bandwi dth - 0.05 Hz

~ionkeys Human Su bjects

Freq . (Hz )
* Bu tch Ho ppy H 2 H 3

245 .2

.77 .91 .98 .99

3 .78 .94 .98 .99

5 .77 .94 .99 .99

7 .77 .82 .98 .98

9 .78 .82 .98 .99

11 .76 .82 .98 .99

13 .79 .87 .97 .97

15 .76 .81 .97 .97

17 .81 .66 .91 .97

19 .87 .58 .91 .95 

‘C’______________
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T he resu l t s  obtained i n th i s  investi ga ti ve stu dy alon g wit h

those of Bachnian et al . offer strong convincing evidence for the con-

tention that both these species show similar performances . Therefore ,

the fundamental differences between man and monkey reported Ly some

do no t ma tch emp ir i cal resul t s  obtaine d i n th i s stu dy. Fur ther  exam-

ina t ion  of th i s w i l l  requ i re further  ex per imenta t i on and more complex

tracking tasks .

4. Com parison with Data in the Literature .

To this  author ’s knowl ed ge , this k i nd of research us i ng pri mate

operators has only been reported by Bachman et al. (1976). This re-

search was partly conducted to add to the rather meager data base of

primate tracking experiments . The table below shows “best fit ” para-

meters re por ted by Bachm an et al .

Ta b le L - Oa ta from Bachm an et al

Parameter Subj . H 1 Subj . H 2 Subj . ~1 1 Suhj . M 2

K , Gain 20.0 11.0 7.5 8.0

TL~ 
Lead 4.2 1.4 4.2 1.6

T.~, Lag 41.9 31.4 20.9 20.9

T 1, Lag 1.6 0.3 2.1 0.5

i- , Time 0.14 0.21 0.14 0.19
Delay

Even though the results of the reported study (see Table P) reflect re-

marka ble similarity w i th the observations mad e by the a bove authors ,

considerable care must be exercised in interpreting the results. ~e-

sui ts of Table P show less variation than those in Tabl e L above . Thi s
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Ta b l e P - Mo de l Parame ters

Subject  T T1 T2 T3 K Remnan t
,~ame (sec)  (sec ) (sec) (sec)

0 .05 H 2 .16 lo .O 1 28 .99 3.99 18.97 410.2

H 3 .16 10 .00 28.99 3.99 18.77 288.3

[3utch .09 10 .01 28 .99 4.59 13.00 398.4

Hoppy .09 18.01 28.88 3.9 9 13.00 36 5.0

0.15 H 2 .09 18.00 28.99 3 .91 13.70 22.9

H 3 .17  1 8.00 2 7 . 10  3 .98  10.98 2 76.7

Big Boy .19 18.00 28.98 3.99 13.00 187.9

h utch .10 16.50 24.36 4.5 11.9 9 5 .l

Hoppy .00 12.00 25.00 3.99 18.99 336.6
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is due to the least squared error optimization used in this study . The

parameteric variation , to some extent , is reflected i n the Remnant col-

umn of Table L . The above authors used the BMD 02T computer program for

estima ting describing function; Fig. 2.7 shows the superiority of com-

puter algorithm used in this study over Br-ID ~2T. Also their training

procedure was similar to the one used in this study , but the paper fails

to bring out the ramifications of the window size . Fina lly , the optimi-

za ti on al gor it hm of Sec tion E has a def i n i te su per i ori ty over v i sual

“interactive -fit ” used in the above reference. 
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