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ABS’IXACT 

This research focused on thc intcrfaccs (nicdia of information exchange) teams use to 
interact about the task a t  hand. This rcport is among the first to  study human-systcm 
interfaces in which the human component is a team, and thc system functions as part of 
the team. Two operators dynamically sharcd a simulated fluid flow process, coordinating 
control and failure detection responsibilitics through cornputcr-mediated communication. 
Different computcr intcrfaccs representing the sanic system information wert: used to  
affect the individual operators’ men tal models of  the process. Communication was 
identified as the most critical variable, consequently future research is bcing dcsigned t o  
test effectivc modes of communication. The rcsults have relevance for thc dcvclopmenl 
of team-computer interlaces in complex systems in which responsibility must be sharcd 
dynamically among all mcmbers o f  thc operation. 

. 
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INTRODUCTION 

Thc behavior of human operators typically has bccn studicd from the perspective of 
individual performance. Attempts to reduce human error in complex environments, such 
as aircraft systems, have bcen synonymous with providing the operator with redundant 
information (Foushee, 1982). However, many of the problems and mishaps in these and 
other systems seem to be more a function o f  the communication and coordination of 
tcams, than of individual operator performancc. Lack of adequate coordination of 
crews, and poor management of human resources have bcen connected to  several 
aircraft disasters in the past two decades (Chambcrs & Nagel, 1985). It is not a 
coincidcnce, therefore, that momentum is building in the public sector for research on  
thc effectiveness ol  teams in complcx systems. In Septenibcr 1988, Congrcss passcd a 
bill mandating that the Federal Aviation Administration (FAA) spend $25 million for 
human factors rescarch. Onc  of the main concerns of the FAA is group dynamics 
within complcx systems (Human Factors Socicty, 1989). Thc American National 
Standards Institute formalized the importance of team work in a requirement ihal 
Nuclear Power Plant operators be skilled not only in individual performancc, hut also in 
tcam communication (Amcrican Nuclear Society, 1987). The research reported in this 
article is among the first studies in the field of  human factors that addrcsses the role of 
the computer as part of the opcrating team. The communication and the visual display 
intcrfaces used by the tcams we're examined to ascertain the most effective opcrating 
dimcnsions. 

Mental Models of Complex Environments 

Automation technology has made an important contribution t o  the design of advanced 
systems as wcll as to the revitalization of current systems. Designers of complcx systems, 
such a s  those involved in air traffic control, aircrart piloting, and nuclear power plant 
opcrations, are striving to incorporate automatcd systcm features into dcsigns to 
decrcase human operator crror. The  human opcrator is no longer involved in direct 
manipulation of  the process itself, but interacts with computcr controls. Therefore, 
increases in system effectiveness are often rclated t o  issircs of computcr intcrfaces that 
display the task environment effectively to the operator. The ability lo cope wilh 
complex environments is related the operator's ability to develop appropriate mento! 
models and to shilt lcvcls of abstraction as necdcd (Kasmusscn, 1986). A mental model 
is assumed to include knowledge o f  the system, principles according to which it is 
opcrated, and its relationship with thc cnvironrnent (Morris & Rouse, 1985). I t  must 
also contain knowledgc and understanding o f  thc dynamic physical relationships within 
the system. This advanced level o f  thinking involves an understanding of the f,ystem's 
internal structures and processes - thc "how-it-works knowlcdgc." (Kieras & Bovair, 198.1, 
1984). The mental modcl enables the operator to assume propcr procedures whcn past 
experience or training do not apply. 
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Major issues in mental models research are the formation, use and update of the mental 
model in the system environment (Zhang & Wickcns, 1987). The comparison of hunian 
performance on different computer displays representing complex systems provides 
information about the effectiveness of different mental models of those systems 
(Sanderson, 1986). 

The developers of the system used for the research in this study, Coury and Pietras 
(19891, looked at the merits of graphic and alphanumeric displays for representing 
process-plant data and information in a dynamic proccss monitoring and control 
environment. They based their selection of screens on the assumption that there was 
some correlation between the information displayed, and modcls of the proccss that 
could be in the operators’ minds. Thc graphic display provided an overall, physical 
reprcscntation of the structure of a fluid processing plant, representing the organization 
but not the function of the system components. Couiy and Bietras also designed an 
alphanumeric display that presented the specific values of process variables; the relation 
between process data and components; and some knowledge of the impact that a change 
in a particular process variable might have on other components in the system. This 
display provided more detailed information about the underlying relationships between 
the function of components and the concomitant changes in attribute values. Unlike the 
graphic display, the alphanumeric display did not S ~ O W  the organization of the 
components. When both displays were presented, the operator was given a more 
complete rcprcsentation of the systcm. Coury and Pietras (1989) predicted that the 
graphic display would produce bctter system optimization performance under normal 
conditions, and that the alphanumeric display would provide a better interface for the 
detection and location of failures. They also hypothesized that the overall performance 
on both tasks would bc superior if both representations were available. Because of the 
way in which the system isolated the significant variables of mental models and system 
representation, the system dcvelopcd by Coury and l’ietras (1989) was selected for the 
research reportcd here. The interfaces of visual display and communication in the 
experimental task environment are examined to get a better understanding of sources of 
failure in  team coordination for the performance of complex tasks. 

____._. Mode of _. . . Comrnunicafjw 

Comnnunication is an important variable in the effectivencss of interactions bctwecn 
operators. Communication measurcs have bcen shown to predict group performance 
better than measures such as individual knowledge or  skill (Lanzetta & Roby, 1960). 
Because of concern in this study lor effective team performance some serious attention 
was paid to selecting the mode of communication. A literature review has revealed two 
studies of group decision-making with respcct to the mode of communication used 
(Siegal, Dubrovsky, Kiesler & McGuire, 1986; Mieslcr, Siegal, & McGuire, 1984). Siegal 
and associates (Siegal e t  al., 1986) used three-member groups to compare the 



cotnmunication efficiency of computcr-mediated communication with face-to-face 
communication. Their measurcs of efficiency included the number of remarks exchanged 
by group mcmbers; the number of task-oricntcd remarks as a fraction of total remarks; 
and the number of decision proposi1ls as a fraction of  total remarks. The computcr- 
mediatcd group took more time to reach a decision, and they exchanged fcwer remarks 
than the face-to-face. However, the longer decision intervals for computer-mediated 
communication seemed t o  have resrilted from factors othcr than the time required Lor 
typing the input (Kiesler el al., 1984). The number of task-oriented remarks was 
generally thc same for both groups, howevcr, the computer-rncdiatcd communicators 
made more decision proposals as a fraction o f  the total remarks made. 

The internal group hierarchy and structure that usually emerge in face-to-face meetings 
do not cmerge so  clearly in written and computer-mediated communication. Whereas, 
participation in group processes usually reflects social status and the real or assumed 
cxpertise of individuals, computer communicators usually participate equally (Sicgal, e t  
a!., 1986). Face-to-face communication might be associated with increased feelings of 
control which detract attention from thc task, while the lack of non-verbal cues in 
computer communication might force the participants to pay closer attention to 
information verbalized rather than to  the individual. 

Kiesler et al., (1984) offer the following rcasons for decision-making difficulties 
encountercd by groups using c [ ) ~ r ~ u l ~ ~ - ~ ~ ~ l i ~ ~ t c d  communication. First, thc abscncc of 
informational kedback makes it hard to know whcn one's point of view is accepted or 
understood, and participants fccl that they havc to excrt morc effort to  get their point 
across. Second, because o f  a  qual distribution of responsibilities among people, no 
individual takes responsibility for coordinating and controlling activitics. Thc !ack of 
centralimtinn makes coordination moie  dillicult. 

For thc currcnt study computcz communication was selcclcd bccause equal participation 
of tcam rncmbers was expcctcd t o  conlrihutc tn hcttcr pcrformance. The opcrators 
were required to  communicate in orclcx to share responsibilities on the task. It was 
expecled that more communication and equal participation would be rclated positively to 
systcm performance. 

Present Research 

The research rcportcd here was designed to  study tcam computer interfaces on a 
dynamically shared task bctwcen two tsperators. Th~s  study addressed the relationship of 
system representations as modellcd by the computcr displays and communicatilon 
efficiency on tcam pcrformance. Each of the subjects in the research scrved as a tcam 
member with indepcndcnt access Lo a computer intcrface that represented syslcm 
information eithcr in an graphic format, in an alphanumeric format, or in both. 
Members of the same tcam ei ther  had the same or  different interfaces. 
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Subjects were required to share problem-solving in order to optimize the flow of h i d  
through a simulated system and to  monitor and diagnose failed components (Coury & 
Pietras, 1989). ’The configuration of the simulation required that one team member 
served as the primary operator, responsible for actually finalizing and implementing 
decisions. The second subject was the support operator serving as an advisor, 
recommending plans to the primary operator. Communication between team members 
was computer-mediated. 

The following questions were examined: (1) What i s  the relationship between the 
communication efficiency and distribution of communication and team performance? (2) 
What effcct do the computer displays of the individual team members have on the 
ability of the team to control thc process, detect failures, and utilize the displayed 
information? and (3) What is  the relationship bctween the computer displays of the 
individual team mcnibers and the communication efficicncy and the distribution of 
communication within the teams? 

Fifty Navy and Marine reservists from the Navy and Marine Reserve Center in 
Knoxville, Tennessee servcd as subjects for this study. Of the 50, two were female. 
Ages of the subjects ranged from 21 to 59, with a mean age of 34 years. Subjects were 
selected by the respective commanding officers of the reserve center from among 
reservists who were making up a previously missed drill weekend. Twenty-five teams of 
two subjects each were assembled. 

A cornputer-simulated dynamic task was used. The task is a generic, dynamic production 
process, known as SARPI (‘imulalion for &sessing Wepresentation of Process 
Information), developed by Bruce C o u q  and his associates at the University of 
Massachusetts (Coi~ry and Pietras, 1989). SAWPI is  a version of Production Levcls and 
Network Troubleshooting (PLANT) software, a computer-based process control task 
(Morris, Rouse, & Fath, 1985). SARPI has a graphic display and an alphanumeric 
display which present the samc system information in  two different formats. The graphic 
display uses a 13 inch color monitor, the alphanumeric display uses a 13 inch 
monochromc V I ’  100 terminal (a picture of the two screens appears in Figure 1). For 
the present study, a configuration was utilized which enabled two operators to vicw the 
simulation via the graphic, alphanumeric, o r  both screens from separate workstations. 
Only onc operator, the primary operator, was able to control the process. 
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The system simulates a fluid flow process through a nine tank matrix. A pump forces 
fluid out of each tank, and three valve connections can be made from each tank to 
tanks in neighboring columns. An operator can manipulate these valves to control the 
fluid process. The objective is to keep fluid levels in each tank between the range of 0- 
99, and as close as possible to an optimum level of 50. 

At the beginning of each production run, the fluid level in each tank is set at 50, and all 
horizontal valves are open. Total system input and output, as well as the flow rate for 
connections, are set by the experimenter when the prodi.ietion run is initialized. Input 
to  the system (set at 30 €or this experiment) is cvelnly divided among the first three 
tanks (1, 2, and 3). Total output (set at 30 for this experiment) flows from the last 
three tanks (7, 8, and 9). The flow rate (set at 10 for this experiment) is the amount of 
fluid that flows out of each open valve to the next tank as the system is updated by the 
subject . 

Randomly occurring system failures (either valve, pump, or simultaneous pump and 
valve) can be set by the experimenter. For the purpose of this experiment, system 
parameters were set so that approximately 7% of the iterations contained valve failures, 
7% contained pump failures, and 7% contained both types of failures. Thus, a total of 
six failures, two of each typc, occurred during each production run. If the operator 
suspects a failure, the pump or valve can be checked (system check); if the operator 
correctly diagnoses a failure, the "repair team" is automatically sent out by the system to 
the valve or  pump. 

If the fluid in any tank exceeds or falls below a certain height, warnings are displayed so 
that the subjects can adjust input to  these tanks. If fluid continues to rise or fall and 
reaches critical limits, an automatic safety system assumes control of input and output to 
that tank until the fluid levels return to normal. Valves lcading to a critical tank are 
cither opened or closed by the system in order to  correct the deviation. The safety 
system functions to prevent damage to the system and to kccp the system under control. 

SARPI i s  a subject-paced simulation; the system updates the displays after operators 
have rcsponded to the prompts. The user commands issued between successive system 
updates constitute one iteration. In this experimcnt, the number of iterations was set at 
30 for two production runs, one without failures and one that included failures. 

, F 3 u M e a s u P e s  of Performancc 

Subjects, scheduled for the experiment in groups of two, were randomly assigned as 
primary opcrator or  support operator. The team was then randomly assigned to one of 
five conditions: (1) primary and support opcrator with graphic representation (GRGR); 
(2) primary and support operator with alphanumeric representation ('4LAL); (3) primary 
and support operator with both representations (BOTH); (4) primary operator with 
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graphic representation and support opcrator with alphanumeric (GRAL); or (5) primary 
operator with alphanumeric represcntation and support operator with graphic 
representation (MAG R). 

Thrcc categorics of dependent measures were used to  measure system performancc, and 
two categories were used to  measure communication in the system: 

(1) System Pcrformancc. The  dcpcndent measures chosen to  reflect the performance of 
thc teams on the simulation included: process couttro?, failtire detection, and inftmnation 
utilization s t ra t egics. 

Rocrss Control. Operators were instructed to control the systcm by maintaining 
tank heights as close to  50 units as possible. This performance was measured by 
the mean deviation from the tank setpoint height of 50 for thc 9 tanks averaged 
over the 30 iterations. This measure, mcan deviation, was computed for a session 
of 30 iterations withoui failures and for a session of 30 iterations with failures. In 
order to  determine changes in process control over time, this variable will be 
computed in s i x  blocks o f  five ilcrations. Other dependent measures of process 
control wcrc the number of system warnings and safety system takeovers that 
occurred during the No Failure condition m d  during the Failure condition. 

Failure Deteclion. Me;isures of  Failure detection were assessed during the 30 
iterations of the hilure session. Failure detection was measured by the pcrcent of 
failurcs detected, thc average numbcr of iterations between thc axxmence  o f  a 
failure and its detection by the operator, and the number (if times an operator 
checked the operation of a pump o r  valve. 

Iuifonnrrlion Utilimfion. Utilkation of i rhrmation mcasures how wcll the 
operators used the information prcscntcd on the scrcens (Gxq and Pietras, 
1989). This mcasiirc was asscssc~l only during the 30 iterations of the session 
where failures were prcscnt. Tntormation ulilimtion (IU) is computcd as the ratio 
of the number of connections made between tanks, to  the numbcr of system 
chccks. The number of tank connections reflects the ability of the operator to 
control the systcm. The ratio indicates the number of connections made bcfore 
checking the status oT a componcnt. Large IU ratio operators are characterized as 
effective information users. 'I'hcsc operators do not qucry the system about thc 
status o f  the various subsystems, do not send out the repair team unless a failure 
is detected, and make a rclatively large number of fluid flow connections. They 
cffcctively use the displayed information t o  control the system and to  diagnose 
systcm failures. 

(2) Communication. 'I'hc dcpendent measures chosen to analyze the communication that 
occurred during the simulation wcrc: communiccrtion efficiency and communication 
dktt-ihtr tion. 
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Cornmiinicntion Efticiencv. The efficiency of communication was estimated with 
the following measures: the number of remarks of the primary operator, the 
number of remarks of the support operator, and the riumber of rcmarks combined. 
The grcater the number of comments, the more the operators communicated. 

Communication Distiibirtion. Communication distribution is related to  the social 
equalization measures of communication defined by Siegal e t  al. (1986). It is a 
measure of how communication is partitioned between the operators of the team. 
This measure is determined as the ratio of the number of communication remarks 
for the primary operator to the number of communication remarks for the support 
operator. Equal distribution of communication results in a ratio equal to one. A 
ratio greater than one i s  indicative of more communication on the part of the 
primary operator, and a ratio less than one indicates that the support operator 
communicatcd more. 

ULTS 

Relationship of Communication Effickgcv and Distribu-lion to Team Performance 

Correlations were computed in order to determine whether the measures of 
communication were related to team performance as measured by process control, failure 
detection, or  IU. These correlations are presented in Table 1. For the failure 
conditions combined, three measures of communication efficiency (number of remarks 
communicated by the primary operator, the number of remarks communicated by the 
support operator, and the total number of remarks) and one measure of communication 
distribution were correlated with the three measures of process control (mean deviation, 
system warnings, and system takeovers). 

As reported in Table 1 for process control, the total number of remarks was correlated 
negatively with mean deviation (-.44). As the number of remarks increased, the mean 
deviation decreased. The total number of remarks was correlated negatively with system 
warnings (-29) and system takeovers (-.44). Communication distribution was not 
correlated significantly with any of the process control measures. 

Correlations wcrc also computed in order to examine the relationship betwecn the 
measures of failure detection (percent of failures detected, average number of iterations 
to detection, average number of checks), and the indices of comniunicalion efficiency 
and communication distribution. As Table 1 displays, none of the failure measures were 
correlated significantly with the measures of communication, and the measures of IU 
were not related significantly to the comniunication measures. 
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Table 1 

Relationship Between Communication and Team Performance 

Process 
Control 

Deviations 

Warnings 

rakeovers 

Failure 
Detection 

% Detect 

Iter ations 

Checks 

Infomation 
Utilization 

IU 

Efficiency 
Primary Support Both 

Remarks Remarks Remarks 

-.46* -.43* -.44* 

-.30 -.41* -.29* 

-.38* ' -.45* -.44* 

-.21 -.I6 

4 1  -.I2 -.OB 

..09 -.2Q -.I 8 

. I 6  . 16 2 0  

Distribution 

Ratio o f  Primary/Suppor 

-.08 

.03 

-.01 

- 2 1  

.04 

-.QI 

.07 
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~ _ _ . _  Relationship between Computer Displays ..and Team Performance 

In order to determine the relationship between display type and team performance, a 
multivariate analysis of variance (MANOVA) was conducted. There were three 
dependent measures of process control: mean deviation from the setpoint of 50, system 
warnings, and safety system takeovers. ‘13e grouping factors were team Display Type 
(GRGR, AIAI,, BOTH, GRAL, ALGR), Blocks of Iterations (in groups of 5: Block 1, 
Block 2, Block 3, Block 4, Block 5, Block 6),  and the levels of the Failure condition (No 
Failure, Failure). A summary of these data collapsed across Blocks of Iterations is 
presented in Table 2. 

There was a significant multivariate effect for Blocks of Iterations (F (15,271) = 9.32, p 
< .OS>, by the Wilks’ 1,amda Criterion. The examination of the univariate F tests 
showed the Blocks of Iterations effect to be significant for the mean deviations (F 
(5,100) = 35.08. p < -05) and safety system takeovers (F (5,100) = 8.17, p < .OS). The 
MANQVA showed that the main effect for Failure was also significant (F(3,17) = 51.42, 
p < -05). All three of the dependent variables contributed significantly to  this effect (F 
(1,19) = 154.19 (mean deviations), 113.40 (system warnings), 38.97 (system takeovers), p 
< .OS).  The multivariate effect for Display Type was not significant. 

Among the two-way interactions, Failure by Blocks was significant (F(15,257) = 4.62, p 
< .05). The univariate tests showed that both mean deviation ( F  (5,95) = 12-95), p < 
-05) and systcm takeovers (F (595) = 6.02, p < .05) contributed to this effect. The 
interactions of Display Type by Failure. Display Typc by Blocks, and the three-way 
interaction of Display by Failure by Blocks were not significant. 

The mean fluid deviation data for the effects of Blocks of Iterations and Failure 
conditions are presented in Figure 2. In the graph, the data are averaged across Display 
Type. For the No Failure and Failure conditions combined, teams stabilized 
performance at 16-17 deviation units from the optimal setpoint. There was also a 
significant decrease in the ability of the team to control the fluid deviation over the last 
20 iterations during the Failure condition. 

A single factor MANOVA was computed with Display Type as the grouping factor and 
the following failure detection variables: the percentage of failures detected, the number 
of iterations between the occurrencc of a failure and i t s  detection, and the average 
number of times the team checked the system for failures. The multivariate test 
revealed no significant effect. The mcans for these data are prescnted in Table 3. 

A one-way Analysis of Variance (ANOVA) was computed on the IU ratio (Number of 
Tank Connections/Nurnber of System Checks) with Display Type as the grouping factor 
(GKGR, ALAL, ALGR, G W A L ,  BO’I‘H). This analysis yielded a significant difference 
across the groups on 1U (F(4,20) = 3.24, p -= .OS). The means for the groups are 
displayed in Table 3.  Recall that thc larger this ratio, the better the team used the 



Table 2 

Fluid Deviation Means for Process Control 

Means 
Standard 
Deviations 

Mean Deviation 

No Failures Failures 

11.6 

9.7 

11.4 

8.7 

11.0 

20.8 

22.5 

21 .I 

19.3 

19.4 

10.42 20.53 

5.04 4.90 

lystem Warnings 

Na Failures Failures 

9.4 

6.4 

9.7 

4.0 

.8 

22.0 

22.8 

20.2 

18. 

19.0 

7.58 20.56 

8.08 6.48 

System Takeovers 

do Failures Failures 

5.2 

0.6 

3.0 

1.2 

3.2 

12.8 

23.0 

23.0 

9.8 

11.8 

1.62 16.08 

4.98 12.80 
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Table 3 

Means for Failure Detection & information Utilization by Display Type 

Display 
ry Pe 

BQGR 

BQAL 

BOTH 

ALGR 

GRAL 

)e rcen tage  o f  Number of  I n f o r m a t i o n  
Fa i 1 u r e s  I te ra t ions  U t i  1 i z a t i o n  
D e t e c t e d  t o  Detect (IU) 

55.0 4.3 2.3 

38.6 5.6 2.1 

56.4 4,7 1.7 

45.0 3.6 5.3 * 

50.0 5.3 2.1 

*Mean is s i g n i f i c a n t l y  d i f f e r e n t  from a l l  o ther  means ( p <  .05) 
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information displayed. The Newman Keuls test revealed a significantly higher mean for 
the ALGR team (5.3) than the mean for each of the other teams (p < .OS>. 

Relationship of Computer Displays to Cammunication Efficiencv and Distribution 

In order to determine the relationship between computer display Lype and 
communication efficiency, a two-factor repeated-measures MANOVA was computed with 
Display Type (GRGK, ALAL, ALGR, GRAL,, BOTP1) and Failure condition (No 
Failure, Failure) as the grouping factors. The dependent variables were the number of 
remarks communicated by the primary operator and the number of remarks 
communicated by the support operator. ‘Ihcre was a significant multivariate effect for 
Failure condition (F(2,19) = 6.38, p < .OS)  by the Wilks’ Lamda Criterion, with both of 
the dependent variables significantly contributing to a drop in communication during the 
Failure condition (p < .05). Neither, thc multivariate effect for Display, nor the Display 
by Failure interaction effect were significant. The means for communication efficiency 
are presented in Table 4. 

Another two-factor repeated-measures MANOVA was computed for measures of 
communication distribution. The dependent variable was the ratio of the number of 
remarks communicated by the primary and the support operators. The greater the 
deviation of this ratio from 1, fhc more unequitable the distribution is. None of the 
multivariate effccts were significant. 

Thc means for Communication distribution are presented in Table 4. The table 
illustrates a similar distribution bctwccn the N o  Failure (.7757) and the Failure condition 
(.6429). 

In order to gain pcrspectivc on the results of this study, comparisons were made to data 
obtained from individual subjects in the research of Coury and Pietras (1989). A. in the 
study reported here, Coury and Pietras (1989) found an increase in mean dcviation 
during the Failure condition across blocks of itcrations. In their No Failure condition, 
the mean deviation stabilized around 4-6 units from the setpoint of 50. In the current 
study, it was surprising to find that the mcan deviation stabilized around 10-12 units 
from the setpoint of 50. This might indicate that the teams either had a more difficult 
time stabilizing the system, or merely selcctcd a higher criterion Tor stabilizing the 
system. 

Cimparison with t h e  failure dctcction data of Coury and Pietras (1989) revealed that 
the tcams did not dctect as many failures (49.00) as the individuals (58.03) 
and took more iterations (4.7) to detect them than did the individual operators (3.2).  
Howevcr, the teams did no t  check thc  system (14.48) nearly as much as the individual 
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Table 4 

Means for Corn munication Efficiency and Distribution 

Display 
Type 

BOGR 

BQAL 

BOTH 

ALGR 

GRAL 

Means 135.84 83.00 

66.88 37.05 Standard 
Deviations 

Distribution 

N O  FftlLalRfS F R  1 L U R E S  

.59 .54 

.80 .88 

.76 .54 

.79 .65 

.9 1 5 9  

376 .643 

.449 .545 



operators did (23.00). The overall mean for IU was, however, lower for the team data 
than for the individual operators. The exception to this was the ALGR team, with a 
higher mean IU than both Cnury and Pietras’ (1989) Graphic groups and Alphanumeric 
groups. 

These comparisons indicate that the subjects in the present study were not as effective 
as Coury and Pietras’ (1989) individuals in optimizing the process, and that teams 
detected fewer failures, required more iterations to detect them, and made fcwer tank 
conncctions than individuals. However, the teams did not make as many system checks 
as the individuals, suggesting that they were better able to detect failures from 
information displayed on  the screen. The teams, with the exception of AI.GR, did not 
utilize information as effectively as the individuals. 

Several factors need to be considcrcd in accounting for the differences between the 
results of this study and Coury and Pietras’ (1989). First there are differences in subject 
population. Coury and Pietras (1989) used industrial engineering college students, 
whereas this study used subjects from the general population sewing in a military 
installation. This probably translated into differences in age, education levels, and work 
experience. Second, the communication and coordination efforts of the teams in this 
study contributed to higher workloads. In a study of pilot workload, Hart et al. (Hart, 
I-Iauscr, & Idester, 1984) found’ that communication contributed to a significant 
proportion of subjective ratings of workload, and might even serve as an objective 
indicator of workload. The communication mode in the current study might also have 
increased the subjects’ perceptions of workloads. Beith (1987) compared the subjective 
workload demands of individuals performing a coniplex cognitive task with another 
person under conditions of face-to-face communication and obstructed communication. 
Under restricted communication, perceptions of workload increased almost 50%. Third, 
the differences bctwecn the teams in this study, and the individuals in Coury and Pietras 
(1989) could have bccn due to difficulties associated with coordinating team activities. 
Team performance could bc less effectivc in this dynamic situation. This might bc due 
to teams having more difficulty in coordinating activities in order to stabilize the system. 
Some team members reported that thcy concentrated on trying to help their teammate 
rather than optimizing systcm performance, with communication taking precedence over 
the control of the system. Finally, perhaps the lower team pcrformance could be 
explained by a tendency for teams’ rcsponsivencss to be triggered at a higher point than 
individual responsivcness. In other words, if an individual attempted to keep the fluid 
levcl around 50 units, a team might tend to be satisfied as long as the lcvel was 
stabilizcd around 70. ?,ikewisc, failures might be diagnosed earlier by individuals. This 
might be due to a psychological diffusion of responsibility when therc is more than one 
controller (Foushee, 1982). One team mennbcr might assume that the other one is 
attending to ccrtain functions of  the process. These findings arc counterintuitive to 
expectations that team perfortnance would be better than individuals. Close attention 
should be paid to this. In light of Ihc widespread interest and mandates of improved 
pcrformancc in tcams, future rescarch should address this. 
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The current rcscarch shows that the performance of teams related to the amount of 
communication between its members. Crmmunication or interaction processes among 
members of a group might serve to  prevent errors that ocxur in individual performance 
(Foushee, 1982; Hackman & Morris, 1975). 11.1 fact, in flight crews i t  has been observed 
that there is a tendency for poorer performing crews lo communicate less (Foushee & 
Manos, 1982). 

In the current study the amount of communication was not related to  the ability of the 
tcams t o  dctcct failures. In fact tbcre was a significant drop in the amount of 
u~rnmunication when failures wcrc present. One subject in this sludy commented lhat 
the communication was effective for the No Failure condition but was ineffective for the 
Failure condition. 

Thc presence of failurcs signilicantly degraded the performance of the teams in 
controlling the flow proccss. This was true for the all the measures of process control: 
the optimization of flow around the setpoint, the numhcr of system warnings, and the 
numbcr of takeovers that the tcams incurred. ’The Failure condition placcd additional 
workload on the teams. ’The workload c3f communication may have been too much to 
handle when the additional workload o f  hilures was added to the task. 

The ability of  the teams to optirniLc ilow dccreascd as a Rinchn of time. Thc proccss 
was morc difficult for the teams to control as the number of iterations progressed. 
hcreases in iterations usually nican more valve conncctions and more flow through the 
system. In the Failure condition, unless fdilurcs wcrc recognizcd immediately, this 
decrease might also result from failures disrupting the system. While optimization 
pcrformance did s t a b i l k ,  it rcmaincd at a relatively largc deviclrtion from the setpoint. 
This appears to be a function nf  the increase in failurcs in the system, sincc 
performance rcmaincd hfairly stable when failures werc ahscnt. 

The  way in which the teams utilized thc information they werc providcd varied as a 
function of  team Display Type. 1’hc 1U ratio was significantly higher for Lhc ALGR. It 
would appear from these rcsults that these teams were ablc to employ thc displayed 
information and thc information obtained from cach other more cffectivcly. 11.1 studying 
coopcration, or lack thereof, between humans and computers, Rousc (1 976) found that 
not all actions arc planncd in response to what the othcr controller i s  doing. He (1976) 
termed this “competitive intelligence.” Controllers compete with cach other to  complcte 
the task, with severc conscquenccs for performance. The setting nf this study mighl 
have facilitated compctitivc intelligence. Thc subjects were motivated highly throughout 
the experiment, and cvcry subjcrct displayed enthusiasm to participate in the research. 
This might havc contributed to  an ambitious effort rather than a coopcrative one 
between team members. 

Tn the current study, thcre was no difference among the team Display Typcs for 
communication efficiency or communication distribution. In previous research (Cmok, 
1987), equality 01 participation in cornputcr-mediated communication has beeir shown to 
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be practical for tasks requiring creative solutions, or  during brainstorming. This equality 
in participation might not be functional during task-oriented or  dynamic performance 
such as in the present study. In a dynamic, although subject-paced, system such as 
SARPI, answers to system questions are needed relatively quickly. A more "unequitable" 
form of communication, where the prirnary or the support operator took more control 
and facilitated the communication process, might have contributed to better results. In 
complex problem-solving tasks, especially under time constraints, face-to-face 
communication might be more effective (Cook, 1984). In the present study, when 
questioned about the effectiveness of the computer communication, most of the 
respondents felt that it was effective. However, two subjects felt that a more direct 
form of communication such as oral would have improved performance on the task. 
Further research addrcssing this issue is  currently being conducted. 

When asked about their support operator, several prirnary operators commented that 
they did not utilize the support operator as much during the Failure condition as during 
normal operations. Other research suggests that if a potentially dangerous situation 
occtirs during an aircralt flight, many pilots tend to take over control from co-pilots 
(Foushee, 1982). Foushce suggests that it might actually be best for the captain to 
resign control to the co-pilot. This would frce the resources of the captain to make 
decisions and delegate responsibility, while the co-pilot carries out the decisions. The 
configuration of the. current study did not allow for the support operator to  take control 
of the system. Only the primary operator could input decisions into the system. Future 
research will allow the actual control of the system to be dynamic between thc team 
members. 

In many complcx systems it is dcsirable to include the resourccs of more than one 
specialist. However, the results of this study have shown degraded performance when 
teams controlled a dynamic complcx systcm, as compared to individuals in previous 
research (Coury & Pietras, 1989). While population variablcs and experimental control 
might have played a role in thcsc difl'ercnces, the workload of cornputer-mediated 
communication also took its toll. By its naturc, computer-mediated comniunication adds 
to the workload of the task. Team rnembces may have uscd the communication medium 
to instruct their teammate. Also. teams might select different, and more stringent, 
criteria than individuals to report problems. This phenomenon would bc especially 
dangerous in systems with increased automation. Systems that include automation tend 
to perpetrate a psychological sense of dillusion of responsibility (Foushec, 1982). 
Operators are not as likely to take control when a disastcr is imminent, or even to 
interpret a potentially dangerous situation as a threat. It is expected that this effect 
would be magnificd when teams are a part of thc automated system. 
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The knowledge-based behaviors demanded by complex systems require computcr 
interfaces that enhance the operator’s mental model of thc system. The importance o f  
this model is critical when the operator is required to rely on internal resources to guide 
performance. Diffcrent computer representations of system informa tion affect the 
operator’s model of that systcm. This study attempted to determine the best computer 
display configuration for teams working togcthcr to control a process. The results are 
inconclusive and additional research is ongoing with other communication modes. 

Today’s complex systems increasingly mandatc the use of tcams, however, much rcmains 
to be learned about how teams can be used to thcir fullest potential. Previously 
attention had been focused o n  thc individuals, espccially where system performance 
depended on support for the human operator. Although many aids and improvements 
Tor individual operators have been built into these systems, human errors are still in 
cvidcnce. Modern systems depend o n  team operators, and cornputcr interfaces must be 
designed to accommodate these teams. One of the signil‘icant results of the research 
reported hcrc is that optimal team performance for problcm-solving tasks that are being 
sharcd dynamically relies heavily on communication. Applications of results from futurc 
studies of human performance will assist operators in communicating and interpreting 
system information, while optimizing the representation of information for manipulation 
by teams not individuals. 
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