
AD—A069 821 ILLINOIS UNIV AT URBANA—CHAMPAIGN ENG I NEERING—P SYCHOL——ETC F/S 5/10
HUMAN FAILURE DETECTION AND RESOURCE ALLOCATOII IN DYNAMIC ENV IR— ETC*U)
FEB 79 C 0 WICKENS AFOSR 77—3380

UNCLASSIFIED EPL—79—2/AFO 5R—79—2 AFOSR—TR—79—0652 Ni.
I I

AO ~9e2p

__ _ _ _  

U!
END
o~ TE

—7 79

I

V



10 ~
I~ 

13 15 ~ 2 2
U—

3.5
‘~ — 2 011111 • 1 ~ :.~

* - 

1111125 
~~~~~~~~~~~~~~~~~~~

!~~
.Mi ~~~~~~~~~~~ ________



_____________— V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V_~ V

V ENGINEERING - PSYCHOLOGY RESEARCH LABORATORY
Unlvsrsity of Illinois at Urbana -Champaign

-•  

_ _ _  

LEVEk 
_ _ _

T•chnical R.port EPL -79-2/AFOSR-79-2

F.bruary 1979 _____________

DC

HUMAN FAILURE DETECTION
ATTENTION AND RESOURCE ALLOCATION

• IN DYNAMIC ENVIRONMENTS

FINAL REPORT

— ~~~~~ ~~e _ _ _

I ~~1P1 ~‘ 1 L $~~~ 70 DTJC ocwmi~~ i~~~~L~WU’~ P ’~~r~ ~w ~~~~ ~~~~~Il
l -‘- LW~Y.

Christophsr D. Wickens

1~~s’ov,d tsr pubUl re1~~~SI
£&atrtb ’~tts. 1~ 1iMtM’

Praparsd for : _________

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

I: 

AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE
Grant No. AFOSR 77-3310

u~~4
-. 

V~__ -, 
V V Y • 

~~
• 

V~

-~~ -~ __________ 
_________________



• i in r i :~~sificd - -
0 

!5.E~~~ltY ci. ISSlF l CAT ~ON OF THIS PAGE (Wh on ~~~~~~~~~~~~~~~

REPORT DOCUMENTATION PAGE
T~~i~~~~~T NUMBER 2 GOVT ACCESSION NOV 3 RECIPIENt’S C A T A L O G  NUMBER

OSR~TR. 7 9 - 0 6 3 2  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _

4. TITLE (ond Subiltl.) S. TYPE OF REPORT 4 PERIOD COVE .lr

Human Failure Detection, Attention and Resource . V

inal 1 July 1977—31 Dec. i’~~Allocation in Dynamic Environments - ___________________________
6. PERFORM ING 04G. REPORT NUM S~ .W-

_____________________________________________________ 

EPL—79—2/AFOSR—79 !-2
7. A UTi~OR~’~~ 8 CONTRACT OR GRANT NUIIPEPI(a) 

V • 
V

Christopher D. Wickens AFOSR 77—3380 1
9 PERF ORMING O R G A N I Z A T I O N  NAME A~~D A DDRESS 10. PROGRAM ELEMENT , PR OJECT TASI’ ’

University of Illinois, Department of Psychology A R EA 6  WORK UNIT NUMB ERS

Champai gn, IL 61820 61102F/23 13/A4

II . CO NTR OLLING OFFICE N A M E  A N D  ADDRESS 12. REPORT DATE

Air Force Office of Scientific Research, (NI.) February 1979 /Build ing 410, Boiling AFB , Washington , D.C. 2032 ,~~ . N UM B E R O F P A G E S  
V

________________________________________________________ 

23
4 MONITORING AGENCY NAME & AOOR ESS(i I  d,Ife,.nI Iron. Controlling Office) IS. SECURITY CLASS. (of his repor t)

Unclassified
IS.. OECLASSIF ICATION,.V OOWN GRAOI NG

_

SCHEDULE

15. DISTRIBUTION STATEMENT .~I m i ,  Report)

Approved for public release; distribution unlimited .

17 . DISTRIB UTION S T A T E M E N T  (of ffi. abetted .. i.,..J In lPlocb 20 , II dif lCrSflt Iron. R.porf)

I S. S UPPLEMENTARY NOTES 
—-

IS. KEY WORDS (ContInue on tsr.,.. aid. 11 n.c...a,’y ond #d.ntUt’ by block numb.r)

Attention Allocation
V Failure Detection

Processing resources
,-‘•,-.-V- 

Time—sharing
2~~~- B STRAC T (Conllnu• on r.o.r.• aid. If n•cbslery ond IdenIiIy by biocb nun.b.,)

Three major areas of research are summarized . (1) Processing Resource
allocation between tasks in dynamic environments. Results indicate that thee
abilities are distinctly 1F~ited . Rather than effectively allocating in res-
ponse to task demand increases, the operator appears to temporarily “expand”
the capability of available processing resources. (2) Failure detection in ,—~~~
namic systems. Human operators are found to be better at detecting failures
(step transitions in the order of a dynamic system) when they are active par— 

~ticipants in controlling those systems , than when they are passive monitors
FOR M 

~~~~~ ~~~~~~~~~~~ ,, •

~~~‘V• ,•~~ ~~~~~~~ ~

‘••l.•
_ _ • •

’ ~~,
V 

•~~~ ~ • ,,4~’ 
, ~

-

~ 

T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _  
~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _  

— - . 

I

a~inosai ~Tfl3ads—aan~—35139 
~1’13 q3p% 

3U~ 3S~ SUO3 aq 03 5125045 a~~ S~ S93 8u~ p~ oI ~uaiaj~ ip ATaAT3e3
—~Ienb Oft~ uaa~~ aq pu~ ‘apoui ~u3.zo~~uoui 3oTTdo3n~ ~43 ‘BA ~U’IITO13Uoz aq3 

U’~uop~a~ap ain~~v~ uaa~~aq su.1a33ed a~ua,1a;1a3uT ~seJ~ ‘2uJssa3old Jo sa2P3s
o3 pa~e’~aa sI-roAlasal j ads—ain~~na~s o~u1 sa3anosal asaq~ suoT3’~~1edtp~ qts paq~13sap s sa3.znosal ~uTSsa3o.1d uewnq jo j apoiu v uoflz,a3ap ain~~ e;

;o spu~uiap uo’~~ua~~~ aqj (
~

) ssazlo.ld uo~~~a~ap aq~ u’I sjauu~tp Bu ssa3o.id
uo~~vm.ioju~ pue ‘~ u~u’rez~ Jo ~tO~ aq3 sa,loIdxa ipaeasa~ a’~p~bt ‘passn3s~paae aauaia;; p ~T43 10; suoseai auoS . 1~~~c7z~ 3ojj do3n ~ lapun wa~ si(s

- 

a

(P.a.iup .,.o uon iu iaov~~ sIw ~ jo NOILV3IaIS V S3 V) 4 1WR2m3
• pajj3aSVI3Ufl

-
~~~

-: 
~~~

- 
, - ,  

V

~~~~ 
—

~~~~~~~ 
p

V .: ~~~~ V M ‘ ‘
- ‘~“t’~ V ‘~~ Vi%

~
• •~~~. , V V  .

~ 
__

• 
~ ,. •,,,, ~~.‘ ~~~~ • • 

-

p •• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ 
.• -

~~~~~~~~~~

‘ ‘

A — 
~~~ -~~~~~

-—-— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ~~~~~~~. ~~i



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • -

DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DDC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT

REPRODUCE LEGIBLY .

V 
- -

~~~~~~
-
~~~~~~. . / /

~~~
,‘ • , _,,

_ . 
• 

I

• 
•

• ~~~
•
•. 

d .:V. t~~ ~/r~.0’n.~
9
~ ~~~ V ’

~~ T ::~~~~~~

*1
’

~~

-c 

~~



University of Illinois
• 

~
- Department of Psychology and -

L.j ngineertng — Psychology Laboratoryj
Champaign , Illinois

V 61820

~~~~~~~~~~~~~~~~~~~~ 
(~~~~~ ‘

(~~~~~~H~~~N FAILURE DETECTION AND RESOURCE AL1~ CATI~~ IN D~~AMIC E~~ IRON)~~NTS •~~ 

—
~1

Gran t No POSR ii—~~sgi

- --- ----- - ---

~~

•

• I ~ ~hrietopher D./ Wickens / V

c2I~~J
Prepared for

• AIR FORCE OFFICE 0’ SCIENTIFIC RESEARCH
AIR FORCE SYSTEMS CCNMAND

UNiTED STATES AIR FORCE

1~~g oyed tsr p~*,tti ~~~~~~~ 
‘

£LM~L~~~&~~ ~~1~~~ts~si~’
I/IO?7i(

~~~4

__________________________ ‘ •

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

JTIT~



~~~~~~~~~~ 
• —~~~~ V —~~~

ii

TABLE OF CONTENTS

Background 1

Task 1: Resource Allocation in Dynamic Environments 2

Task 2: Participatory mode and the detection of dynamic
• system failures 10

Task 3: The structure of processing resources 15

References 20

Scientific Reports Published 22

Theses and Dissertations 23

Presentations at Scientific Meetings . . • . . • 23

~~~~~~~~~~~~~~
NTz~ ~~~~ ‘ —

~~‘~.--.4DDC TAB J
~~~~flUr~ce4 IJu t ,~

___
~.!~ J ~~~1ii y ~~~~~

_ _  
- 

- V

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
- 
,~~



V-’ ~- - :: 
~~~
-i

Foreword

This Final Report sumearizes research accomplished in the period

1 July 1977 to ~ ~ember l9 ., sponsored by the Air Force Office of Scien-

tific Research Grant No. 77—3380, originally titled Divided Attention and

Task Workload in Control, Failure detection and decision—making in aviation

syst ems. Dr. Alfred R. Fregly, Life Sciences Directorate Air Force Office

of Scientific Reeearth Was the Program Manager. Professor Christopher D.

Wickens, Department of Psychology, University of Illinois was the Princi—
pal Investigator.

The early portions of this research were carried out at the Aviation
Research Laboratory, Institute of Aviation and represent a continuation of

research sponsored by APOSR Research Contract No. F 44620—76-C—0009 “Human

Performance in Aviation Systems ,” (task 1——Attention , Time—Sharing and Pilot

Performance). The majority of the research described in this report was

accomplished in the Engineering—Psychology Research Laboratory , an inter-

disciplinary research facility operated jointly by the Departments of

Psychology and Mechanical Engineering, University of Illinois. Special

acknowledgement is made to Roger Marsh for his indispensable rol e in making
the new laboratory operational, and f or his invaluable assistance in develop—

ing and modifying the computer programs used to generate the research re-

ported below.
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ABSTRACT

Three major areas of research are suunarized. (1) Processing

resource allocation between tasks in dynamic environments. Results indicate

that these abilities are distinctly limited. Rather than effectively allocat-

ing in response to task demand increases, the operator appears to temporarily

“expand” the capacity of available processing resources. (2) Failure de-

tection in dynamic systems. Human operators are found to be better at detect-

ing failures (step transitions in the order of a dynamic system) when they

are active participants in controlling those systems, than when they are

passive monitors of the system under autopilot control. Some reasons for
this difference are discussed, while research explores the role of training,

and information processing channels in the detection process. (3) The atten—
V tional demands of failure detection. A model of human processing resources

is described which partitions these resources into structure—specific reser—

voirs related to stages of processing, Task interference patterns between

failure detection in the controlling vs. the autopilot monitoring mode, and

between two qualitatively different loading tasks are shown to be consistent

with this structure—specific resource view.
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BACKGROUND

The environment in which the aircraft pilot operates is a dynamic one.

The various control, monitoring and decision—making tasks that are required

in the course of fulfilling mission objectives must be performed in the face

of environmental conditions, task inputs and system responses that may vary

dramatically and unpredictably from one minute to the next. In a comprehensive

summary , Young (1969) has dealt extensively with human control performance in
such time varying conditions. In his represen tat ion of the ’ human opi’r;lt ’I-

as an adaptive manual controller Young has distinguished between the human

response to sudden step changes in task characteristics typifying ‘cata-

strophic” failures (e.g. failure of an engine or autopilot control), and

the response to more gradual transient or periodic fluctuations typifying

for example changes in Icing or turbulence conditions, or temporary demand

increases imposed by nearby air traffic . A second contrast that was drawn

by Young distinguished between the detection of system changes, and the oper-

ator ’s adaptive response to those changes.
In a program of research carried out at the University of Illinois

Aviation Research Laboratory and Engineering—Psychology Laboratory over the

past two years, we have investigated two characteristics of decision making 
V

and control In dynamic environments that parallel the distinctions drawn by

Young. One direction of research has examined manual control performance

when task difficulty varies In a slow non—catastrophic manner. Research

interest here focussed upon the operator’s adaptive response to these

changes. We have specifically examined, and attempted to model how the oper—

ator dynamically allocates and shifts his attentional resources between tasks

when confronted with such difficult variations.

A second line of research has examined the operator ’s response to dis— —

crete step changes in the characteristics of the dynamic system under his

control and supervision. Our ma,lor goal was to evaluate the ability to detect

these “catastrophic” system failures and compare this ability between condi—
tions when the operator was In the control loop as an active participant ,

and when out of the loop serving in the role of passive monitor . A parallel

goal was to examine the effects upon failure detection of concurrent loading

tasks.
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A common theme that has emerged in the course of both lines of research ,

and which has provided a framework for much of the theoretical and analytical

treatment of the results, has concerned the structure of human processing re-

sources. In this endeavor, an effort has been made to establish the extent to

which the interference between tasks can be attributed to parameters of task

difficulty or to task structure. Results from current studies in conjunction

with parallel research efforts in other laboratories have been used to pro—

vide the basis for ahybrid theory of task interference that is a mixture of

structural theories (e.g., Kerr, 1973; Keele, 1973) and capacity theories

(e.g., Moray, 1967; Kahneman, 1973). These three areas of research are sum-

— 

- marized in greater detail below.

Resource Allocation in Dynamic Environments

(C. Wickens, B. Pierce and P. Tsang).
The specific research question asked in this area concerns the operator ’s

ability to maintain performance on a task of high priority (a primary task)

at a constant level despite fluctuations that occur in that task ’s level of

difficulty. Wickens and Pierce (1978) proposed that when the high priority

task was performed concurrently with a task of lesser priority, a policy of

optimal attention allocation would dictate that processing resources are bor-

rowed from lower priority activities as primary task difficulty increases, and

are returned during intervals of diminished primary task demand . This allo-

cation was proposed to procéde in a closed loop fashion as the operator con-

tinuously monitors task difficulty and performance levels in order to achieve

the desired performance goals. As a consequence of this closed loop behavior,

the optimal allocator should demonstrate a relatively high correlation over

time between primary task difficulty and secondary task performance (the

latter reflecting the varying supply of available resources); correspondingly

a relatively low correlation should be observed between primary task diff I—

cul ty and primary task performance, assuming that task priority instructions
are effectively carried out.

Other allocation policies can be predicted as veil. If the available

resources can be t~emporari1y expanded in the face of increasing primary task

demands so as to preserve its performance level without disrupting the

secondary task, then a low correlation would be observed between difficulty

and performance on both tasks. We label this policy optimal expansion.
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Finally , if the operator cannot or does not reallocate resources at all , and

his capacity is fixed , then the correlation with difficulty will be high with

the primary task, and low with the secondary .

Wickens and Pierce propo~.. I that these forms of allocation behavior can

be quantified by computing the linear coherence spectrum [p 2(F)] relating the

time—varying primary task difficulty parameter to a smoothed measure of per-

formance on both tasks. When the variance over time of one measure is re-

flected in variance of the other, p2 Is high (near 1.0). if it is not , p2

is low. The three categories of allocation policy generate different pre-

dicted levels of the coherence measure between difficulty and the primary

and secondary task performance measures. The predicted coherence values

for the three policies are represented schematically in figure 1.

In an initial effort to assess the feasibility of describing the allo-

cation policy by the coherence measure, and establish what that policy might

be , Wickens and Pierce (1978) required subjects to perform two concurrent

tracking tasks as the difficulty of the task designated as primary was varied

in a series of steep ramps and spikes. Difficulty was operationally defined

by the order of the tracking control, which could be adjusted to any level on

the continuum from first (pure velocity control) to second (pure acceleratior

control). The difficulty parameter was thus the proportion of acceleration

constant -(ci ) , ranging in value from 0.0 to 1.0. Eight subjects performed for

four days in conditions of variable primary task difficulty and conditions in

which the difficulty of the primary task was held constant at an average

value of 0.5. Secondary task difficulty was always held constant at n = 0.5.

Tracking RMS error was calculated for both tasks by computing its average

value within a 2 second sliding window calculated every second for the dura—

tion of each 2—1/2 minute trial.

The ensemble average of the difficulty and performance data is shown

in figure 2 and suggests that the subjects ’ location behavior , in response

to the difficulty function used here, can best be described as a compromise

between optimal and non—optimal allocation. That is, performance on both

tasks rose and fell with the difficulty fluctuation in the primary task.

Substantiating the visual trends evident in figure 2, the coherence analysis

revealed that linear coherence was relatively high for both the primary and

secondary tasks at the frequencies of variation in primary task Jemand

(P2primary ~~~~~~~~ p2 secondary — .86.
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Figure 1. Linear coherence predictions of different allocation models.
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A second manipulation in this experiment involved the presentation,

on alternate trials of an on-line performance feedback display. Using

the bargraph technique developed by North and Gopher (1976), the display
presented a continuously updated running average of performance on the

primary task which subjects could com pare against a representation of the

desired criterion level of primary task performance. It was hypothesized

that this display might facilita te more optima l allocation by providing

subjects with immediate indications of departures from optimum (primary

task performance falling below the criterion). Contrary to predictions,

however, the presence of the feedback display produced little improvement
in the overall degree of optimality and suggested that the major limitation

observed in figure 2 lay in the reallocation of resources rather then in

the subject ’s ability to evaluate their performance .
V 

The results of this investigation were somewhat surprising. It was

not anticipa ted that subjects would have as difficult a time following

the optima l allocation instructions and maintaining the prima ry task at a

constant performance level. This inability seemed to be some~jhat at odds

with the conceptualization of attention as a processing resource that can

be freely allocated in response to shifting task demands as Kahneman (1973)

has proposed .

One of the reasons hypothesized for the limitation in allocation

observed by Wickens and Pierce related to the severity or abruptness of the

changes in difficulty. It is possible that the difficulty variations em-

ployed, and shown in figure 2, were simply beyond the “frequency r& sponse”

of the operator ’s resource allocation system . To deterriine whether this

was in fact the case, a second investigation by Wickens and Tsang employed V

a similar paradigm, with the same frequencies and amplitudes of difficulty

variations (proportion acceleration). In an important alteration, however,

these frequencies were generated from smooth linear sinusoida l functions V

of .01, .02, and .03 Hz, rather than the sharp spikes and ramps used in the

previous study. Different combinations of these frequencies (.01 and .03 Hz

vs. .02 and .03 Hz) were also employed on alternate trials to reduce the

possibility that subjects could learn to anticipate the time-course of

demand variations. In addition, a larger number of constant difficu lty

dua l task trials were employed in which the difficulty of the primary task

(percentage second order component) was maintained during the tria l at

constant values of 0.0, 0.5, and 1.0.
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The results of this study demonstrated only partial agreement with

those of the earlier investigation . One important difference related to

practice effects. While the non-optima l allocation behavior shown by the

subjects in the Wickens and Pierce study did not appear to change over the

course of four days of training, the eight subjects employed by Wickens and

Tsang showed substantia l improvement in allocation behavior over the four

days. These practice effects are demonstrated by comparing performance on

the first and fourth days of training, portrayed in figure 3, an ana 1~~~ous

representation tothat depicted in figure 2. It is evident that on day 1,

the response is best approximated by the non-optima l allocation strategy

shown in figure 1: the response of the primary task to the fluctuation in

its own difficulty is clearly visible . While the secondary task also shows

considerable time-f1uc~uations in its performance level, these do not appear

to be tightly coupled wi th the primary task demand changes as might be

expected if subjects were appropriately diverting resources from the secondary

task. Validating the visual trends in figure 3, the linear coherence

measure, averaged across the two frequencies of difficulty variation was

equal to 0.58 for the primary task, and only 0.36 for the secondary.

In the lower panel of figure 3, however, it is evident that a change

in allocation behavior developed as a result of three further days of

practice: the range of fluctuation in primary task error with difficulty

appears to be considerably attenuated from day I, an observation that is

substantiated by the reduction in primary task coherence to an average value

of 0.50. Thus while still non-optima l, performance is apparently progressing

toward optimality . Examination of secondary task performance suggests

that the manner in which optimality was being approached was not through

an increased ability to reallocate (figure 1, top); secondary task perfor-

mance is no more sensitive to primary task demands than it was at the out-

set, a fact reinforced by the low secondary task coherence value of 0.70.

Of the models presented in figure 1, it is apparent that the practice trend

is toward the behavior typified by optima l expansion. Subjects can seemingly

mobilize resources on a temporary basis to handle the ‘~ncrease in prima ry task

demand without sacrificing performance on the secondaiy task.

Before concluding that the trend with practice is toward optima l

expansion however, it was necessary to consider the implementation of

another possible strategy, that could generate a similar pattern of coherence j
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Figure 3: Resource allocation response as a function of practice (day 1 vs.
day 4). From Wickens and Tsang, (1979).
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values. Subjects may have been attempting to mainta in primary performance

at a constant level by “holdi ng aside ” resources from both tasks durin g

e pochs of the easier levels of the pri mary task , and expend ing these

reserves only whe n prim a ry dema nd s we re maximum. Had subjects been following

this strategy, the n perform ance on the secondary task at the points of

lowest prima ry task demand . (approximately 90 seconds and 185 seconds into

the trial in figure 3) should have been considerably worse (highe r error )

than the performance if maximum effor t  was expended. An estimate of the

lat ter performance Leve l was obtaine d from the dua l task condition of

constant prima ry task difficulty with a 0 . A comparison of error value s 
V

betwe en these two (variable and constant d i f f icul ty  conditions when d • 0),

failed to reveal worse perfor mance in the variable condition. It was there—

by concluded that subjects were in fact exerting maximum resources at all

levels of difficulty in the variable condition, and not simply reserving

resources when task demands were lessened.

The composite results of the two investigations--non-optimal allocation

in Experiment I and in the early trials of Experiment 2, and a trend toward

optima l expansion, rather than optima l allocation with practice--are

interesting. They seem to SuggeBt that the hydraulic conception suggested

by Kahnetna n (1973), and Wickens and Pie rce (1978) that portrays attention
as a continuously available commodity whose supply and alloca tion can
r eadily be modulated in closed loop fashion according to tempo rari ly im-

posed demands , is perhaps incorrect. Ga lanter (1976 ) has proposed tha t many

of the molar aspects of operator performance in complex environments are

open loop or ballistic in nature . Plans are formulated and carried out

in the absence of a great deal of continuou s closed loop adjustment . In

the present paradigm , if the secondary task coherence measure is used to

ope rationall y define the leve l of closed loop interactio n , the n the results

of the second stud y are seemingly consistent with Galante ~~’s view , since

seconda ry task coherence value s here were qut ee small .
In the first experiment (Wickens and Pierce), higher coherence va lue s

of the secondary task did point to the existence of a greater degree of
• closed loop involvement. In accounting for the difference between these

studies , it is possible to argue that the dramatic changes in difficulty

imposed by Wickens and Pierce , (much more abrupt than those of the second

study) were sufficiently salient to disrupt the open loop allocation
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strategy that subjects might otherwise tend to adopt, and force a discrete,
- 

all-or-none reallocation of resources. This behavior would more approximate

the kind of reallocation strategy that would characterize demand variations

be tween trials. Task difficulty characteristics are known in advance, and
an appropriate allocation strategy is chosen at the outset .

In summary, it is clear tha t considerably more investigation is needed

into the cha racteristi cs of operator performance in dynamic conditions in
order to understand how conceptualizations of the construct we refer to as

attention, formulated on the basis of research in constant task environments,

must be modified to account for the dynamic aspects of behavior.
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Participatory Mode and The Detection

py~amic System Failures
(Coh n Kessel , Christopher Wickens)

Our research interest in this area was instigated by two related con-

cerns: One of these related to the differences in performanc.e between the

human operator as an active participant in the control of a dynamic system,

and as a passive monitor of that system under automatic control . Recent

advances in computer technology have generated an evolution toward systems

of the latter category and with this evolution in mind , we hoped to identify

and investigate some possible shortcomings or disadvantages of system perfor-

mances under automatic , as opposed to manual control . These are shortcomings

that should be considered by system designers in their decisions concerning

whether or not to automate particular functions . One such disadvantage we

fel t, could reside in a reduction in the monitor’s ability to detect fail-

ures , or malfunctions in the dynamic system under supervision , as he is re-

moved from the control loop . The second instigating source for our research

was a specific conflict in the experimental literature concerning which mode

of participation (autopilot monitoring vs. active manual controlling, desig—
• nated below as AU vs. MA performance) produced better failure detection.

In two previous investigations in which the two modes had been compared,

Young (1969) provided evidence for better MA detection , while Ephrath and

Curry (1977) obtained results indicating the opposite conclusions.

In contrasting analytically the two participatory modes , it is possible

to identif y on paper , characteristics of each that might enhance failure

detection over the other . We have listed and described these characteristics

in detail in Wickens and Kessel (1977 , 1979a) and in Kessel and Wickens (1978) ;

however the most salient of these will be briefly restated here . It is cer-

tainly plausible to assert that detection of system failures might be supe-

rior while that system is actively under manual control. The operator in

the MA mode is constantly interacting with the system; he receives both

visual input concerning system state , as well as proprioceptive inpu t con-

cerning the con t rol commands that he has delivered to the system , the latter

unavailable to the AU monitor. Furthermore , unlike the AU monitor , he has

the option of introducing “test” signals into a system, suspected to be mel—

functioning, and observe the subsequent response. Finally the MA controller

0 ~ I 
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may have contructed a better “internal model” of the system, by virtue of his

greater degree of active participation. Thereby he should have more reliable
expectations of system outputs to known inputs under norma l operating cond i-

tions and , as a consequence a greater ability to detect departures from

normality ,

While these factors all favor MA detection , this superiority may be

diminished, or even eliminated al together by differences in workload favor-

ing AU detection. The MA controller must perform two tasks concurrently , con-

trolling and detecting, and the workload imposed by the controlling function

may be sufficient to interfere with the detection/decision making task. The

AU monitor naturally has only the latter task to perform, and this difference

in concurrent task load could enhance AU detection. A second source of poten-

tial AU superiority relates to operator adaptation . To the extent that the

MA controller adapts his control response to preserve norma l tracking per-

formance af ter a fa ilure, and yet is unaware of this adaptation (as McDonnell,
1966 and others have noted may occur) , there will be less visual evidence

of a failure from the display and thus a reduced likelihood of detection . A

non—adapting autopilot on the other hand will continue to produce salient

— 
visual evidence of a changed system response following the failure.

Our goal was to develop an experimental parad igm that would allow us
to compare system failure detection under AU and MA participatory modes , in

such a way that the two modes were as similar as possible except for the

operator ’s responsibility for manual control. Af ter  extensive pretesting,

the paradigm chosen was one in which operators detected step increases in

the order of a system that was tracking a two dimensional target visible on

a CRT display. This failure approximated the loss of stability augmentation.

The system was either controlled by the operator himself via 2 dimensional

j oystick (MA mode) , or by a computer autopilot , tha t simulated as closely
as possible the human operator ’s control transfer function. Autopilot para-

meters were further adjusted in value so that AU tracking “perf ormance”

V 
(RMS error) was equivalent to MA performance. Failures , which occurred at

an average frequency of five per two minute trial were detected with a trigger

press.

In our first experiment (Wickens and Kessel, 1977 , 1979a) , f ive
subjects , well practiced in the detection task perf ormed in the AU and

MA mode on alternate trials. Analysis of detection performance , measured
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as a joint f unction of response latency and accuracy1 indicated that the MA

mode was reliably uperior , Latency was considerably shorter while there

was minimal difference between modes in terms of response accuracy . Three

fine grained analysis techniques were then performed on the detection and

tracking data in an effort to identify what characteristics of the operator

and/or the two modes were responsible for the obtained MA superiority.
— These techniques involved (1) examining the distr ibution of detection

response latencies , (2) using multiple regression techniques to regress

response latency on characteristics of the tracking control signals in the

interval between failure and detection, and (3) constructing separate ensemble

averages of the control signals for hit and miss trials following the failure.

The composite evidence derived from these three analyses indicated that

MA detection benefited from the presence of qualitatively different informa-

tion available to the decision—maker in the first second or two after the

failure. We concluded that this information consisted of proprioceptive

cues , generated by the operator ’s initial adaptive response (change in con-

trol behavior) to the changed dynamics.

One potential source of difference between the two modes , whose ef fec t

we were unable to examine in the f i r s t  study, related to differences in the

internal model. Since all subjects received training under both MA and AU

cond itions, it is reasonable to assume that a uniform internal model , or

conception of the system was in force in both conditions. A malor goal of

our second study (Keasel and Wickens , 1978 , the PhD dissertation of the f i rs t

author) was to ensure the presence of a different  internal model between AU

and MA detection, and this was accomplished by adopting a between-subjects

design . If , as hypothesized , MA training allows for a more stable model to

— 
develop , then MA superiority should again be demonstrated and in fac t ,

this superiority should be enhanced relative to the previous within subjects

design in which AU detection could benefit from a model developed in part

under MA training.

The results obtained by Kessel and Wickens supported this prediction

as MA superiority was again demonstrated . Moreover in the between subjects

design , MA detection was not only of shorter latency , but also of considerably

1. A varian t of signal detection theory was used to assess response accuracy,
thereby rewarding performance for failures detected , as well as penaliz—

ing for false alarms (detection response made in the absence of a failure) .
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greater accuracy than AU detection. In the first study, the difference was

only evident in detection latency. In fact the overall degree of MA super—.

iority, assessed in terms of a combined speed—accuracy performance index, was

five times greater than in the first study, thereby clearly demonstrating
the enhanced differences in learning and model development between the two
participatory modes.

In order to further validate these differences , a second phase of the ex-

periment included a transfer condition. If the overall MA superiority was

in fac t rela ted to what was learned (internal model consistency) , as well as
to the other performance—related differences (e.g. the added proprioceptive

information channel) , then some benefit in detection should be provided to
subjects detecting failures in the AU mode, if they had previously received

MA detection training (MA—AU) when compared to a corresponding AU—AU control 
V

group. AU detection of the MA—AU group should benefit from better model V

development during MA training. To create these conditions, following three

sessions of training, each training group (AU and MA) transferred to receive

3 further days of failure detection in the AU mode. The results again sub-

stantiated this prediction, as positive transfer in the MA—AU transfer group

was observed. Information acquired while tracking clearly benefited detec-

tion performance while monitoring. Finally in an additional transfer group

that was investigated (AU—MA), no positive transfer was observed from AU

training to MA transfer.

The fine grained analyses performed on the detection and control data

of Wickens and Kessel (1979a) were repeated on the training and transfer data, in
V 

order to determine what characteristics of the task were transferred posi-

tively from the MA training to the AU detection. Somewhat surprising here was 
V

our observation tha t, in terms of these Indices of control and detection per—
formance, the data of the AU transfer group appeared to show much greater sits—

ilarity to the data of all of the MA groups (from both experiments) than to

those of any of the other AU conditions. As stated on page 12, we had previ-

ously attributed the differences between the MA and AU groups revealed by the

fine grained analyses to the availability of proprioceptive evidence in the MA

condition. However, since the AU transfer group showing these same charac-

teristics clearly had no proprioceptive information available, it appeared

that our proprioceptive argument required some modification. The tentative con—

clusion offered in light of the data from the second experiment, is that

MA training served to focus attention on particular kinds of displayed visual
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informa tion, particularly that related to the perception of higher deriva—
tives of the error and cursor signals. This information—-acceleration and

change in acceleration——which must be perceived for effective manual control

of the system in its failed state, also car’- serve as a relevant cue indicating

the initiation of a system failure. Thus the essence of the transferred in— V

formation from MA to AU performance (and one probable source of MA superiority)

V appears to be perceptual , and attributable to the requirements that effective
manual control impose on the operator to extract certain kinds of visual in-

formation from the display.

By way of general conclusions, the two studies fairly conclusively

demonstrated the existence of MA superiority in failure detection , in the

context of the paradigm employed. These results thereby suggest that conse—

quent costs may be associated with design innovations which serve to remove

the operator from the control loop. Naturally there will often be factors

that override these considerations and will require that the operator be

placed in the role of an autopilot supervisor/monitor. In this regard the

implication of the transfer study is that a major benefit can accrue to system V

monitors, if they have received a prior period of manual interaction with the
system that is to be under supervision.
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The Structure of Processing Resources

Christopher Wickens and Coli.n Kessel

Another major dimension of our research on failure detection related to

the effects of two different loading tasks on detection performance. These

loading task manipulations were originally incorporated into the experimental

design with the intent of shedding further light upon the detection process.

However, the data obtained from them, along with related experimental results

from other laboratories (e.g., Wickens, Isreal and Donchin , 1977 ; Wickens and

Harris, l979~ North , 1977) and theoretical views proposed by Navon and Gopher

(1977 ; 1979) and Kantowitz and Knight (1976) facilitated the development of

a theoretical conception of the structure underlying human information pro-

cessing resources. While many of the details of this conception are presented

in Wickens (1979a) and Wickens and Kessel (1979b), its basic tenants will be

outlined below.

The concept that humans possess an underlying “pool” or reservoir of

processing capacity that is mobilized in the performance of any task, has

proven to be a useful metaphor for accounting for the results of much dual

V 
task research (e.g., Moray, 1967 ; Kahneman , 1973). Furthermore this concept

serves as the theoretical framework underlying the application of secondary

task methodology to workload measurement (Knowles, 1963; Rolfe, 1971). As

one task is imposed upon the operator or as It becomes more difficult, more

resources are consumed from the limited pool, fewer are available for con—

current activities , and therefore performance on these concurrent tasks is

predicted to decline.

V ~1hile the concept of processing resources Is useful, and has stimulated

several interesting theoretical developments (e.g., Kahneinan, 197 3; Norman
and Bobrow , 1975), research has brought to light a number of examples that

are at odds with the assertion that all resources reside within a single un-

differentiated reservoir , equally available to all tasks. Specifically
V Wickens (l97~~), has identified a number of examples of “difficulty insensi—

tivity ”——cases i.n which changes in the difficulty (demand for processing

resources) of one member of a dual task pair fail to produce variation in the

performance of the concurrent task. To cite one example of this phenomenon

in the failure detection research described in the previous section, we
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found that operator ’s detection performance in the AU participatory mode was

affected neither by the introduction of a concurrent loading task (critical

instability tracking), nor by changes in its difficulty .

There are of course a number of possible explanations for these find-

ings. Performance on the primary task may be “data limited” (Norman and

Bobrow , 1975). That is, its performance level Is governed totally by the

quality of perceptual or memory data available and therefore is uninfluenced

by the availibility of,or competition for processing resources . Alternatively,

performance on the concurrent task may be inadequately controlled , so that

that task is not really effective In changing the amount of processing resources

required . The pattern of a substantial amount of dual task data , summarized

by Wickens (l979a) however , suggests the plausibility of a third possible ex-

planation: based upon the observation that task pairs that manifest difficulty

insensitivity often appear to be structurally dissimilar , a plausible assump-

tion is that resources , rather than residing in a single undifferentiated

reservoir, are compartmentalized into separate pools defined by the separate

processing structures .

A possible configuration of these separate resource reservoirs is one in

which they are defined by stages of processing (see figure 4). This represen-

tation is consistent with some aspects of dual task research , and with a con-

ventional partitioning of the information processing sequence along these lines

(e.g., Welford , 1976; Shaffer , 1973). When a task combination shares common

resource demands , as in Case I on the left , a tradeoff between performance

on one task, and the difficulty of the other should result. Furthermore , such

a pair should show a smooth tradeoff between the performance on both tasks

(the performance operating characteristic or POC), as the operator voluntarily

shifts his allocation of resources prom one task to the other (Norman and

Bobrow , 1975; Navon and Gopher, 1977). In contrast , in Case II portrayed on

the right , when separate , non—overlapping processing structures are demanded

by the tasks, difficulty insensitivity will result and the POC will be dis-

continuous.

A major purpose of the dual task loading manipulations employed in our

failure detection research (Wickens and Kessel, l979b) was to assess whether

predictions of task interference patterns , based upon the postulation of

separate processing resource pools , would be substantiated when two qualita—

tive1~y different loading tasks were employed . The critical instabl]Itv track-

ing task (Jex, 1967) mentioned above was assumed to place its greatest demand

~
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CASE I CASE ]I

~~~~ ,—~
PERCEPTUAL CENTRAL RESPONSE PERCEPTUAL CENTRAL RESPONSE

PROCESSING PROCESSING

V 

TASK A TASK B TASK A TASK B

PERFORMANCE 

N 

PERFORMANCE

DIFFICULTY DIFFICULTY

Figure 4: Representation of structure—specific resources predicting
difficulty performance tradeoffs.
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upon response—related resources , while a running memory mental arithmetic

task was assumed to depend heavily upon central processing.

The effects of these two loading tasks were found to be qualitatively

different In the two participatory modes. The critical task interfered with

detection in the MA mode , but had no effect upon AU detection . Exactly the

opposite pattern was observed for the mental arithmetic task which derogated

AU detection but influenced neither MA detection nor the operator ’s tracking

performance in the MA mode, if it is assumed , as we concluded from the initial

Wickens and Kessel (1977; 1979a) study (see p. 13 above), that detection in

the MA mode differed from AU detection in that the former was more dependent

upon response—related information , then these dual task results are quite

consistent with the multiple reservoir concept. Only one modification of the

scheme presented in figure 4 need be made. This modification is a parsimo-

nious one and combines the “encoding” and “central processing” reservoirs de—
V picted into a single reservoir. Then it is assumed tha t MA detection , relying

more upon response—related information will compete with the critical task ,

but not with mental arithmetic for response resources. AU detection depending V

• exclusively upon visual/perceptual information will compete for resources

with mental arithmetic hut not wi th the critical task. If competition for

resources implies a dual task decrement , then the results are directly ex-

plained .

The results of this dual task research are thus encouraging with regard

to the concept of multiple resource reservoirs , and serve to support the theo-

retical positions adopted by Navon and Gopher , (1977), Kantowitz and Knight

(1976) and ourselves (Wickens, 1979h). However , an extensive program of re-

search is certainly required to identify more specifically the demand com-

position of these reservoirs , and to determine the extent to which they may

he defined perhaps by modalities of input or outpu t , or by cerebral hemi-

spheres of processing as well as processing stages. When provided with such

information the human factors researcher will thus be equipped with a theo-

retical framework to make an appropriate selection of secondary tasks for

assessing workload differences (Wickens, 1979h), and also for predicting

a priori what task combinations wiH y i e ld maximum or minimum interferen ce

when performed concurrentl y.
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