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POREWORD

The Manned Systems Group of the Army Research Institute (ARI) conducts
research and development in areas concerned vith manpover, personnel, and
training issues in systems development. A critical issue is to develop
technology for the better allocation of tasks between soldier and computer in
systems requiring complex decision making. Anticipated high levels of per-
formance have not been achieved in recent systems development efforts.

The research reported herein investigates experimentally the performance
and effectiveness of several alternative allocation schemes under controlled
conditions of workload and uncertainty. The researcu paradigm is applicable
to conmand and control systems in general. It provides an initial knovledge
base for better allocation of tasks and improved design of the soldier-
computer interface in future systems.

This research vas conducted under the Small Business Innovative Research
(SBIR) program for research and development on DoD scientific and engineering
problems. It is based on an earlier demonstration of feasibility and is a
potential precursor to transfer of the technology to the civilian sector.

EDGAR M. JOHNGON
Technical Director
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HUMAN AND COMPUTER TASK ALLOCATION IN AIR DEPENSE SYSTEMS: FINAL REPORT

EXECUTIVE SUMMARY

Requirement:

The advent of increasingly sophisticated and expensive human-machine
systems has called into question basic assumptions about the proper respective
roles of computers and humans. In particular, the reallocation of cognitive
tasks from human to computer has sometizes resulted in user rejection of
resulting systems or in systems that may not take full advantage of human
contributions to the overall task. Research is, therefore, required to:

(1) directly test hypotheses about human-computer interaction with the goal
of determining the relative effectiveness of alternative types and levels of
interface capabilities for allocating tasks between the human and computer;
(2) develop a more fundamental theoretical understanding of the psychological
pechanisms underlying human-computer performance; and (3) move tovard the
development of a "cognitive" human factors technology for predicting human-
computer system performauice on the basis of information-processing models.

Pracedure:

The first task of the Phase II research involved additional analysis of
the Phase I experimentsl data with the goal of developing models of operators’
information-processing strategies vhen using different human-computer Inter-
faces, snd the relationship betveen those models and performance. The second
task involved: (1) the development of a represertative, computer-based test-
bed for performing controlled, experimental research with actual U.S. Army air
defense operators; and (2) the performance of tvo experiments at Fort Bliss
for testing {aj the relative eftactiveness of alternative interfaces for sup-
porting husan-somputer interaction, (b) the theoretical principles underlying
the predictiens regardiag the effectiveness of the interfaces, and (c) our
ability to iiak information-processing strategies to performance.

Findings:

The research demonstrated the superior performance of interfaces that
solved the relatively earlier tasks and helped operators feocus their attention
on the relatively havder tasks under conditions of high workleoad. In addi-
tion, the research dezmonstrated the clear, added value achieved by an
operator-controlled allocation ({.e., rule creation) capability that permis
the operator to instruct the systen in performing certain tasks ({.e., target
fdentification), thereby freeing the operator to gather more information and
take longer to examine those targets requiring his/hexr attention. A direct
relationship betveen operators’® performance vith each interface and their
information-processing strategies was demonstrated im all cases.

vis




Utilization of Pindings:

The research has implications for the develcpment of general guidelines
for constructing human-computer interfaces for performing tasks involvirg the
identification of a large number of objects (e.g., aircraft) under conditions
of high workload and uncertainty. In addition, the findings and broader theo-
retical and methodological approach are applicable to Army domains other than
air defense.

vitl
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C. THE SUBJECTIVE QUESTIONNAIRES USED IN BOTH
D.
8.
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BUMAN AND COMPUTER TASK ALLOCATION IN AIR DEFENSE SYSTEMS:
FINAL REPORT

1.0 INTRODUCTION

[here has beea a tendency in the design of increasingly sophisticated
human-computer systems to assign all possible tasks to the corputer, leav-
ing the human operator with a smaller and smaller role. There are many
reasons for this trend, but a major one may be our lack of knowledge about
how to design a system that makes maximum simultani:ous use of both the
homan and the coupucer. The empirical findings reported in Phase I of the
current program of research (Chinnis, Cohen, and Bresnick, 1984)
demonstsated how a cognitive psychology focus could generate the knowledge
needed to identify task-allocation design principles for complex human-
computer systems. Although the experimental representation of the Army air
defense system employed was much simpler than any real system, the results
sugge~t “hat 3som: strategies for task allocation will work better than
others and that, in some settings under high processing loads, neither
fully manual nor fully automated systems work as well as a scheme permit-
ting some collaberation between the system’s human and computer elements.

Inder low-workload cenditions, and where the computer model in the
target identiflcation (ID) -.ask was significantly incomplete, any of the
three conditions invalving human participation was superior to computer-
only performance in the Phase I rese~tvch. However, at high workload, this
advantage could be maintained only if the computer assisted tlhe human in
the function «f "ailocaiing tasks," i.e., +y directing the user’s attention
to subproblems where his/her contribiution was most needed. In short, a
complementarity had been obse:ved; of the four very different task-
allocation systems tested, the only onz thaX enabled both the computer and
the human operatecr to make maximum use of cthe’r respective contributions
was a "screening" condition that utilized the high-speed capability of the
computer to process all aircrafi according to its available (and
programmed) {nformation resources and then to signal the operatecr to attend
to those aircraft it was unable to classify ieliably.

While the importance of the role of a particular human operator in a
complex and highly automated distributed or liierarchical system is not al-
ways easy to determine, in the case of more localized systems or in the
case of breakdowns in the retworking of distributed svstems, the ability of
the human operator to supply information to the sysiem and affect syster
behavior may become highly desirable or aven essent‘z!. The Phase I
vesaarch had successfully attempted to shed some light on how that
capability for huran-machine interaction might best ka achieved and to sug-
gest the general direction of further vesearch. The work performed ir the
first year of Phase II was directed toward laving the groundwork for ex-
tanding the Phase I findings through a series of theory-driven experiments
(in Year 2) using U.S. Army personnel performing representative air defense
exercises and using a computer-based testbed that permits researchers to
vary human-zachine allocation schemes.

At the broader level, the objectives of Phase 1l were to carry the
Phase I wvork forward along two fromts:




(1) primarily, toward developing a design technology for complex
human-computer systems; and

(2) secondarily, toward deriving spucific recommendations that
might be incorporated into the d.sign and modificazion of fu-
ture Army air defense systems, as well as other Army domains.

To the extent possible, the design technology to be developed would
consist not merely of a set of qualitative (though possibly useful)
guidelines, but rather, it would be distinctive in threze respects: (a) it
would be based firmly on findings and theories in cognitive psychology; (b)
it would be tested and confirmed by experimental evidence; and (¢) it would
include, to as great an extent as possible, procedures and formulae for
quantitatively predicting human-computer performarce under a variety of
conditions. In short, the long-term goal is a technology thet permits
designers to link information-processing models to predicted perfermance
that is applicable across a wide range of human-computer systems, as well
as a set of specific proposed improvements ja the performance of Army air
defense systems based on that technology.

We argued in our Phase I work that traditional methods of task al-
location are neither fine-grained nox flexible enough for many important
applications (as noted, for examplz, by Singleton, 1974; Rouse, 1977; Cohen
et al., 1982). The developument 4f an alternative approach, however, is it-
self not without difficulties. On a more specific level, therefore, Phase
I1 research addressed a variecy of theoretical and methodological chal-
lenges that represent initial efforts to achieving a fully adequate tech-
nology for cognitive task allocation. In particular, these challenges were
addressed to the following broader questions:

(1) What is the impact of workload on human proccssing vr informa-
tion rrlevant to a decision? Performance may suffer under low
workload, since the human's ability to participate where re-
qui.red may be compromised by decreased vigilance. At the other
extreme, however, as the number or complexity of decisions re-
quiring human input increases, human performance is also likely
to degrade. In particularx, there is evidence that humans shift
from reliance on more nearly optimal decision rules under low
workload to use of suboptimal simplifying strategies or heuris-
tics under high workload. For example, as workload increases,
decisions may be made by comparing options to cut-off points on
one or a small number of relevant dimensions, rathey than
evaluating each option with respect to all available cues
(Payne, 1976). Under these conditions, the relative advantage
of humans over compiters, even when the computer’'s model is in-
c-mplete, may ba lost.

(2) What is the impact of allocation schemes that represent
coogerative problem solvers? Although the Phase I results wexe
regarded as tentative, they suggested that provision of a
capability for the operator to override computer decisions was
suboptimal when compared with methods which were more col-
laborative in nature. Of the four very different task-




allocation systems tested, the only one which cvnabled both the
computer and the human operator to make maximum use of their
respective contributions was one which utilized the high-speed
capability of the computer te process all aircraft according to
its available (and programmed) information resources and then
to signal the operator to attend to those aircraft it was un-
able to classify reliably.

(3) How do flexible allocation schemes compare with fixed ones?
Fixed schemes involve pre-set allocation of tasks to the human
and the computer, while flexible schemes may vary the computer
and human contributions in any decision, depending on situa-
tional variables such as workload and the relative expertise of
the user and computer. For example, in a relatively %ow-
workload situation, an attack planning or targeting C“ system
might allocate data collection and display functions to the
computer and leave inferences and predictions regarding cricti-
cal events (e.g., identity and intentions of hostile and
friendly contacts), target selection, and decisions to engage
or not to engage to the human operator. Under a high-workload
multi-threat situation, however, the system "executive" might
reallocate more of the integrative tasks (Phelps, Halpin, and
Johnson, 1981) to the computer. As stress and load increase,
for example, tha2 computer might begin to display recommended
attack plans, target priorities, and weapon-target assignments.
Under still higher stress and load, the computer might assume
control of the actual f£iring of weapons or configuration of
combat equipment. We were particularly interested in the ef-
fects of giving operators the flexibility to allocate tasks to
the machine on-line by creating “rules" for governing the in-
ference process implemented by the machine.

Experimental work addressing these questions was conducted in a
framework similar to that developed in the Phase I research, but with a
more vepresentative air defense testbed and with actual air defenders. We
distinguish, however, two components of our approach. T%“e first involves
the direct testing of hypotheses about human-cemputer interaction. For ex-
ample, one such hypothesis is that a dynamic screening condition (such as
the one tested in Phase I) is appropriate under conditions of high workload
and where the human may have knowledge not possessed by the computer. The
second component, however, i{s the development of a more fundamental
theoretical understanding of the psychological mechanisms underlying
huran-computexr performance. It is this second thrust which makes possible
a more integrative, more generalizable, and more quantitative design tech-
nology than the mere accumulation of isolated principles or guidelines.

The cenitral idea is that, by understanding and madeling operators'’
information-processing strategies, we will be able to develop technology in
which overall human-computer system performance could be predicted, under
diverse task-allocation conditions and under diverse conditions of
workload, threat, cue conflict, and other variables. Such predictions will
often, of course, be approximate and relative; they will not remove the
need {va ecaploratory implementation, experimentation, and testing of new




systews. Nonetheless, a theory-based, quantitative methodology such as
this could represent a quantum leap in the ability of engineers and system
designers to make use of psychological results in the design of human-
computer systems. -

Givenr the above perspective, the first task performed in the first
year of Phase II was additional analysis of the Phase I data and modeling
of those data in terms of information-processirng strategies. This analysis
focused on a more extensive analysis of the basic performance variable
(target ID decisions), regression analysis of participants’ (Ps’) reliance
on different subsets of cues, and response latencies. The procedures and
results obtained for these analyses are presented in Section 2.0 of this
report.

The second major vask, which comprised the bulk of the Phase II ef-
fort, was the development and implementation of a computer-based testbed
that permitted controlled experimentation regarding the relative effective-
ness of alternative human-machine allocation schemes with actual U.S. Army
personnel performing representative air defense exercises. This broad task
had a number of primary subtasks. For example, the research team had to
identify altermative human-machine allocation schemes that were both
theoretically distinct and interesting, and yet operationally definable
within the context of our testbed. Second, we had to learn enough about
the Army air defense problem so that we could: (a) design a representative
testbed; (b) assess the implications of trading off certain characteristics
of the "real air defense problem" (e.g., when and how information is
presented) in order to obtain the experimental control necessary to
evaluate Ps' information-processing strategies in alternative conditions;
and (c) incorporate substantive domain knowledge into the testbed so that
the machine appropriately processed the information available to it. A
third subtask was to extend the machine's capability for processing infor-
mation well beyond that in Phase I so that it could deal with representa-
tive real-world conditions regarding lack of information and counflicting
information. Toward this end, Shafer's (1976) theory of evidence was used
as a pragmatically justifiable basis for expanding the “screening" condi-
tion in Phase I into a more collaborative, dialogue- (or suggestion-)
oriented human-machine allocation scheme for investigation in Phase II. A
fourth subtask in developing the computer-baszed testbad was the design and
development of the simulated air defense scenarios for the participants to
execute in the experiment. A fifth subtask was the programmiug necessary
to actually implement the testbed on an IBM PC-AT. The sixth subtask in-
volved all the activities required for successfully conducting two experi-
ments using the testbed with actual U.S. Army airx defense operators at Fort
Bliss, Texas. The first experiment was basically a replication effort of
the Phase I experiment, but now with a more represenmtative task and par-
ticipants. The second experiment extended the first experiment by evaluat-
ing flexible allocation capabilities implemented by on-line rule creation.
The eighth subtask involved performing the detailed and lengthy analysis of
the data c.,'ected at Fort Bliss. Analysis of the second experiment
focused, { articular, on the relattonship between performance and
informatic n-processing strategies for different human-mschine interfaces.
Al. of these subtasks are discussed in Section 3.0 of the report.




Section 4.0 of the report discusses the resuits of the experiments
from the perspective of (a) developing guidelines for human-machine inter-
faces, and (b) extending both the findings and broader theoretical and
methodological approach to other Army domains.




2.0 ADDITIONAL ; ¥\LYSES OF FHASE I DATA

The first task performed in the first year of Phase II was a more
detailed analysis of the Phase I data and preliminary modeling of the data
obtaincd for the different human-.computer allocation conditions in terms of
information-processing strategies. This analysis focused on a more refined
analysis of ID performance data, the extent to which participants relied on
different subsets of the five available cues, and their response latencies
in the different experimental conditions. Prior to presenting the proce-
dures and results for these additional analyses, the Phase I experimental
method and principal results are reviewed helow. A complete description of
the Phase 1 experimental materials and results can be found in Chinnis,
Cchen, and Bresnick (1985).

2.1 Phase I: erimental Method and Principal Results
2.1.1 Expeximental method. The task for the combined participant-

computer Sysic. was to observe approaching aircraft and various data
regarding the aircraft and to make decisions whether to shoot or not shoot
each aircraft based on whether the aircraft was friendly or hostile. Two
computer-driven displays were used to simulate an air defense console and
to present information to the participants (Ps).

Aircraft symbols appeared at the top of one display (the "radar" dis-
play) moving at constant and identical speed toward the bottom center of
the display, where the P and the air defense system were "located."
Traversal of the screen from the top of the display to an "in-range" line,
where missiles were fired, required approximately one minute. Four cues
were available to both the computer and P. One of these was available from
the graphics (“radar™) screen, the other three from the companion text
screen. In addition, a fifth cue--referred to as the “extra" cue--was
available only to P, it was available from the graphics screen, but was not
utilized in the computer’'s ID aigorithm. Information provided in the in-
structions (regarding the overall location of friendly and hostile air
bases) was intended to alert Ps to the potential significance of this cue.

The experiment used a within-Pg design with two primary independeat
variables or treatments. The first is the task allocation, consisting of
three conditioms:

. A manuai condition, in which all aircraft are {nitially shown as
having “*unknown" ID on the display screen and in which Ps must
wake all ID decisions. This is a human-only allocation s:heme.

. An override condition, {n which the computer applies a Bayesian
algorithm utilizing four cues to determine target ID and labels
ail targats as either hostile or friendly, but in which Ps may
override the coaputer in those cases which they believe are wrong.




° A screening condition, in which the computer processes the four
cues available to it for each aircraft, but produces an ID
decision only when 3 out of 4 of these cues agree. The com-
puter requests P assistance (by means of an "unknown" ("?7%)
symbol) for cases of cue conflict (i.e., where the Bayesian ID
algorithm in the ccmputer was inconclusive).

A fourth condition, useful for comparison purposes, is the fixed,
computer-alone scheme. In this condition, system performance measures can
be calculated analytically, without resort to experimental data.

The second independent variable is information load. This was used
at two levels. Low load resulted in six aircraft simultatieously on the
screen (a new aircraft appearing every 11 seconds), whereas high load
resulted in fifteen simultaneous aircraft (a new aircraft appearing every &
seconds). These aircraft counts refer to aireraft positioned above the
"in-range" line, i.e., those far enough away from the P that decisions
(shoot or don’t shoot) can still be made. A few aircraft are usually on
the screen beyond this point.

In all cases the P's mode of response was to type the number as-
sociated (on the display screen) with an aircraft. The result of this ac-
tion varied among the different task-allocation conditions. In the manual
condition, all aircraft were shown as unknowns; typing its target number
caused an aircraft to be designated hostile and to be destroy=d. In the
override condition, all aircraft were identified by the computer as either
friendly or hostila; typing a target’s number coused this designation to
reverse. As before, hostile aircraft were destroyed. In the screening
condition, aircraft associated by the computer with "unknown" symbols were
treated as in the manual condition: i.e., targets whose numbers were typed
were designated hostile and destroyed. Othe: aircraft, idemtified by the
computer as either friendly or hostile, were treated as in the override
condition: i.e., typing its number reversed the designation. Wwhenever an
aircraft number was entered, tha ajrcraft swubol shown on the radar screen
was wodified by enclosing it in a hexagor.

Feedback was provided to the Pg La ti.res simultaneous ways:
. by the use of a flashing aircraf: symbol in the lower part of
the radar screen to indicate an error (friendly destroyed, or

hostile not destroyed);

. by the use of a "right" or "wrong" message displayed next to
the appropriate aircraft data line on the text screen;

° by a running score displayed on the text screen in the form of
“number of correct decisions out of number attempted.*

Pg were not in the military. Ps vere paid six cents per aircraft correctly
classified, leading to average earnings of approximately $9.00 per hour.

A counter-balanced approach was taken to the two independent vari-
ables in the within-Pg design. All ‘Pg participated in three two-hour ses-




sions, with each session devoted to one of the task allocation conditions.
In each session, each P participated first iIn a training session followed
by a high-load condition and low-load condition in either order. Twenty-
four Ps participated. Ps were recruited from the local area using bulletin
board rotices and other means.

For each P, and each of the six combinations of task-allocation con-
dition and load condition, 200 responses (aircraft classifications) were
obtained and used as data. The first and last 25 responses out of each
250-response cell were discarded due to transient eflects related to start-
ing and terminating each data-collection segment. Thus, a total of 28,830
usable responses was obtained.

Simulation and Cue Diagnosticity. Emphasis was placed on presenting
Ps with a discrimination problem that wes as representative of the air
defense environment as possible. Therefore, although primary interest
resided in the handling of discriminations for which substantial conflict
of ID cues was present, a simulation vas developed which provided an
abstract but comprehensive situation from which Ps could learn about cue
diagnosticities. No direct information was provided to Ps regarding the
relative usefulness of cues; instead, they were provided with training
prior to the experimental trials intended to enable them to extract the re-
quired information for themselves. This training consisted of a complete
practice block of 250 trials at the start of each session, with 2 load in-
termediate between the low- and high-load conditions.

The computer software utilized a simulation mrdule which generated a
sequence of aircraft and ID cues according to the probability diagram shown
in Figure 2-1.
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Figure 2-1. Diagram of simulation process.

The simulation generated friendly and hostile aircraft with equal probabil-
fty. T:ollowing the selection of the true aircraft type, each of the four




cues utilized by the computer aid was independently generated so as to be
appropriate to the type of aircraft with probability 0.6. Thus, for ex-
emple, a friendly aircraft was assigned to fly within a safe-passage cor-
ridor with prcbability 0.6, whereas a hogtile aircraft was assigned to a
safe-passage corridor with probability 0.4. The "extra" cue--not utilized
by the computer aid, but available tv P3 who learned it--was genevated
similarly, but was somewhat more reliable in that it was selected to favor
the true aircraft type with probability 0.76. This meant, for instance,
that a hostile aircraft was positioned on the left side of the screen
{(where the hostile base was located) with probability 0.76.

The simulation process utilizing 5 binary cues resulted, of course,
in 32 possible cue combinations for any aircraft. Since the four cues
available to the computer aid were equivalent in diagnosticity, this is
represented more simply as a combination of (1) the number of the four com-
puter cues that favor hostile, and (2) the extra cue. This representation
is used throughout this report. Schematically it is shown in Table 2-1:

Table 2-1

Diagnosticity of Cue Patterns

Hostile/Friendly

Number of Probability of Cue Likelihood
Computer Cues Extra Cue Pattern if Aircraft is Ratic of
Favoring Hostile Favors Friend Hostile Cue Pattern

0 f 0.0985 0.0061 0.062

1 £ 0.2627 (0.0369 0.140

2 f 0.2627 0.0829 0.316

0 h 0.0311 0.0195 0.627

3 £ 0.1167 0.0829 0.7°0

1 h 0.0829 0.1167 1.408

4 £ 0.0195 0.0311 1.595

2 h 6.0829 0.2627 3. 169

3 h 0.0369 0.2627 7.126

4 h 0.0961 0.0985 16.147

1.0 1.0

The optimsl ctrategv i~ this context depends, of course, on the scoriug
system. In this study, there was an equal penalty for either type of
error--shooting down a frimndly or failing to shoot a hostile. Therefore,
the optimal decision rule was to vesnond “hostile™ in all cue patterns
wvhere the likelihood ratio oxceeded l--i.e., for all patterns that weve
zore likely under the assumption of a hostile aircraft thaa urder the as-
sumption of a friendly sircraft.

In the table, notice that the extra cue--available only to Ps {who
wmust infer it)--is sufficiently diagnostic to overwhelm all of the other
four cues except when they all agree. In other vords, optimal performance
by a P would correspond te always responding according to the extra cue,

- uniess aaa Jour of the other cues favor the other aircraft classificatfon.
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A similar table (Table 2-2) has been calculated for the computer aid
alone--i.e., for use of the four cues without the extra cue.

Table 2-2

Diagnosticity of Cue Patterns for the Four Computer Cues

Hostile/Friendly
Number of Probability of Cue Likelihood
Computer Cues Pattern if Aircraft is Ratio of
Favoring Hostile Friend Hostile Cue Pattern
0 .130 .023 .77
1 .346 L1354 445
2 .346 .346 1.00C
3 .154 .346 2.247
4 .023 .130 3.652

The optimal couputer performance based on these four cues alone is to
choose the aircraft identification suggested by the majority of cue.: if
more than 2 cues favor hostile, shoot; if fewer than 2 cues favor hostile,
do not shoot; if 2 cues favor hostile, either response is equally likely to
be correct.

Use of 5 cues rather than 4 will be an advantage in this task when
the four computer cues do not agree. Note, however, that since no cue or
cue pattern is perfectly associated with hostile or friemdly, ID “errors”
would still be expected even by an optimally performing participant. Thur
we need to distinguish between the _heoretically sppropriate or optiwmal
response (the “hast decisjor") and the response which happens to be corrcst
on a given occasion (a “good outcome®). An optimal response rule will
produce fewer mistaken IDs on the average (hence, a higher overall score)
but will not be right every time.

Table 2-1 shows the optimal response for each pattern of cues and the
percentage of correct IDs that would result. Th.se figures are given both
for the computer (vhich has access only to four cues) and for the total
huzan-computer system (which has access to four cues plus the extra cue).
Asterisks indicate conditicus under which utilization of £c¢.t cues plus the
eitra cue may lead to a different ID decision than use 3% Jour cues alone.
Note also that while use of the extra cue will help in csses of 1 cue
pointing one way and 3 cues the other, it helps more when 2 cues point each
vay (the case of maximum ID conflict for the autozmatad system).
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Table 2-3

Optimal Responses and Perceat Correct 1Ds for
Each Cue Pattern .

Number of 4 Cues Only 4 Cues Plus Extra Cue
Computer Cues Extra Cue Optinal % Optimal L]

Favoring Hostile Favors Response Correct IDs Respouse Correct IDs

0 3 f 94 .13 3 94.13

1l f f 87.69 f 87.63

2 3 - 50.00 £ 76.00

0 h f 61.52 f 61.52

3 f h 41.36 f* 58.46

1 h f 41.54 h* 58.46

4 f h 61.52 h 61.52

2 h - 50.00 h* 76.00

3 h h 87.69 h 87.69

4 h h 94.13 h 94.13

2.1.2 Principal results. M. st of the trials in the experiment were
necessary to produce an ecelogically valid set of stimuli which could be
regarded as reasonably representative of the air defense environment and
from which participants could learn the diagnostic values of cues. The
primary result of interest, however, has to do with the handling by the
human-computer system of those cases involving a high level of ID cue con-
flict. Since we are interested to see which task-allocation conditions, if
any, enable better integration and utilizarion of both computzr and human
contributions to the problem, attention will focus below on the case of two
of the cues available to the computer pointing toward hostile and two
pointing toward friend.

The dependent variable is the appropriateness of the human-computer
syster vesponse to each aivcraft--irn this case, shooting vhem the extra zue
favors hostile and not othervise. The data available consist of six scores
per participant: & scove for voth high and low vorkload in each of three
task-allocation conditions (manuzl, screening, overvide). Zach score is
the parcentage of appropriate respounses out of 6§ observatfions. Since
there are 24 participants, wve have alwost 10,000 total observations.

Table 2-4 summavrizes these data. It shows the percentage of
responses that wvere appropriate in each of the six couditions, aversged
across participants. For each cell in the table, the highest achievable
score is LO0%. (A score of 100% wuld maan that all responses had com-
forzed to the optimal decision rule for the 2 ws. 2 cue conflict condition,
i.e.. to respond in the direction of the extra cue. [ does not mean that
all responses would, in fact, have besn correct identifications.) Bata for
the computer conditions veve derived analvtically, and reflect the 50% op-
tizal response rate expected when theve is no kmovledge of the extra cue.
This rate is equivalent to chance performance. 503 reflects the level of
performance expected by chance aiore in all cells of the table.
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Table 2-4

Percent Optimal System Responses,
Mean of ali Participants .

MANUAL SCREENING OVERRIDE COMPUTER

LOW
Loap | 7457 72.24 71.69 50.00
HIGH

LOAD 61.34 70.89 64.46 50.00

Note that the percentage correct responses is a linear function of the per-
centage of opiir .l responses. Thus, although the analyses to be presented
here are in terms of optimal responses, the results would be essentially
unchanged in an analysis based on correct responses.

The most salient observation regarding these data is the superiority
of all the conditions in which human participation occurred in comparison
to the computer-only condition. T-tests were performed comparing the mean
number of appropriate responses in each of the six experimental conditions
with the 50% optimal response rate expected of the computer algorithm
(i.e., 34 optimal responses out of 68). All tests were significant at a
significance level well under 0.001. Since computer performance is optimal
with respect to the four cues available to the computer, the explanation
for supe~ior human performance (leaving aside the very remote possibility
of chance) must involve use by humans of the extra cue. Participants were
successful in learning the value of the extra cue and in employing that
knowledge to improve overall human-computer performance.

The next step was to compare the six experimental conditions among
themselves. A 