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Abstract 

The manner in which data are presented on information displays has 

been shown to affect human performance on a host of system-related 

tasks, presumably through their relationship with cognitive or response 

tendencies. The demonstration of the superiority of analog display 

formats, however, has been limited to tasks where decision makers are 

required to perform few, if any, transformations on static informa¬ 

tion. In contrast, the present study attempted to assess the effect of 

display format in a relatively complex optional stopping task requiring 

judgments of when as well as what course of action to take. Display 

format and the amount of information displayed were varied factorially 

in a simulated optional stopping task. The latter variable was included 

to provide a broader context with which display-induced processing dif¬ 

ferences might emerge. A significant display effect was not found 

although previous findings with respect to information sampling were 

corroborated and extended. Also, insights were gained into the effects 

of practice on sampling behavior. The present results did indicate that 

display effects might appear under more demanding conditions, that is, 

those conditions where there is the greatest benefit to be made in 

system performance. Several approaches to increasing the demands of the 

present task were discussed. 
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INTRODUCTION 

Due to recent technological advances, complex, computerized infor¬ 

mation systems often process information prior to displaying it (usually 

via cathode ray tubes or CRTs) to the system operator. These same 

advances also allow the system designer to choose from among a variety 

of possible information presentation modes, such as analog, graphic, or 

digital formats. Since format has been shown to affect human perfor¬ 

mance in a variety of laboratory tasks (Jacob, Egeth, 4 Bevan, 1976; 

Schultz, 1961; Tullis, 1981), it is likely that such display features 

could have a significant effect on the performance of operational 

systems. To date, display format research has been United to task 

situations in which subjects make relatively few cognitive transforma¬ 

tions of "static" information while another important class of tasks— 

those in which information changes over time—has gone relatively 

ignored. The "optional stopping" situation is an example of the latter 

class of situations in which system operators choose when to stop 

acquiring information as well as subsequent courses of action. Critical 

instances of these types of situations, e.g. military command posts and 

nuclear reactor control rooms, are becoming more common and complex so 

that design-related decisions regarding display format are becoming 

increasingly important. There is, therefore, a need to determine the 

manner in which display format can affect performance in such optional 

stopping situations. The present study was directed toward this goal. 

Before describing it in detail, however, it is necessary to review what 

Is known about display format effects as well as the relevant aspects of 

optional stopping performance. 
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Display Formatting 

The presentation of visual information has been a major interest in 

engineering psychology for quite a long time (e.g., Baker & Grether, 

1954 ; Chapanis, 1959» McCormick, 1957). Researchers have repeatedly 

described display design as an integral factor in the sound development 

of information systems. For example, Smith (1963) claimed that "How 

effectively the data are processed, organized, and arranged prior to 

presentation will determine how effectively hé (operator) can and will 

extract the information he requires from his display." (pp. 296-297). 

Also, in their Design Guidelines for the User Interface to Computer- 

Based Information Systems. Smith and Aucella (1983) stated that infor¬ 

mation should be formatted so as to minimize the amount of transposing, 

computing, interpolating, and extrapolating necessary in order for the 

displayed information to be used. This notion is based on the premise 

that by reducing the cognitive strain, information will be more easily 

integrated, and less will be ignored or discounted (Slovic, 1972). Such 

claims have been supported by evidence indicating, for example, that 

trend predictions based on time-correlated data are most accurate when 

displayed as line graphs rather than vertical or horizontal bar graphs 

(Schultz, 1961). Furthermore, Hitt (1961) reported that the different 

ways of presenting information are necessary considerations for 

designing displays for different task situations, i.e., display design 

should vary with task conditions. In accordance with this notion, 

Edwards (1962) asserted that "The display, the heart of the system, may 

take many forms, depending on the nature of the diagnosis being madei" 

(p. 71). 
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Graphic vs. Alphanumeric Comparisons 

Overall, the majority of research reported on display formatting 

has compared digital/alphanumeric displays, where information is pre¬ 

sented as alphanumeric characters, and analog/graphic displays, where 

information is presented pictorially or graphically. Tullis (1981), for 

example, studied performance on a problem identification task as a 

function of natural text, structured text, black and white graphic, and 

color graphic formatting. Although accuracy did not vary with display 

format, response time (RT) was consistently shorter under the graphic 

formats than under the narrative and structured text modes. Further, 

subjects required extended practice under the structured text to bring 

their performance to the "graphic" level, and even extensive practice 

failed to produce similar results for the natural text. With regard to 

this last finding, it should be noted that the most crucial responses in 

complex systems (such as nuclear power plants) are often ones that 

cannot be highly practiced (Goodstein and Pederson, 1975). Therefore, 

initial performance differences associated with display format can be 

as important as asymptotic ones for the system designer. 

Several other studies have shown a superiority of analog displays 

over alphanumeric displays. Wickens and Scott (1983) found subjects to 

be less sensitive to other task features in an information integration 

task when the data were presented under an analog format than under an 

alphanumeric format. Under the analog format, accuracy was not influ¬ 

enced as much by the speed of information presentation as it was under 

the alphanumeric format. The advantage of the analog format was. attrib¬ 

uted to increased stimulus - central processor compatibility, although 
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the underlying assumption that simple digit multiplication is a spatial 

task is not immediately obvious. 

Monitoring performance has also been found to be sensitive to 

display format. Hanson, Payne, Shively and Kantowitz (1981) had 

subjects monitor either five or ten system indicators to determine when 

the indicators exceeded prespecified limits. The overall detection RT 

was slower under alphanumeric displays than when the indicators were 

represented graphically. Also, increasing the number of indicators from 

five to ten had a more harmful effect under the alphanumeric format than 

it did under the graphic format. Evidently, the increased system 

complexity placed a greater demand on subjects under the alphanumeric 

format than under the graphic format which slowed RT. Another inter¬ 

esting finding of this study was that the color coding, which was used 

to represent the rate of change of the indicators, actually harmed 

performance under the alphanumeric format while enhancing performance 

under the graphic format. No explanation was given for this finding. 

The inferiority of alphanumeric formats can be thought of as the 

result of fostering "piecemeal, sequential" processing so that the infor¬ 

mation residing in the interrelationships of the data is lost or at 

least hidden (Jacob, Egeth, & Bevan, 1976). In general, the use of such 

piecemeal processing in complex task conditions may overwhelm human 

analytic capabilities and therefore degrade performance. In these 

complex situations, pictorial or analog displays may be used to sym¬ 

bolize the interrelationships among data and/or to induce more "intui¬ 

tive" modes of processing thereby leading to superior performance 

(Hammond, 1980). 
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Différences among Graphie Formats 

Qualitative differences have been demonstrated among different 

analog formats as well as with alphanumeric formats. Jacob, Egeth, and 

Bevan (1976) had subjects sort groups of data on the basis of five cate¬ 

gory prototypes in order to compare several analog formats to an alpha¬ 

numeric format. Appropriate responses were determined by the distance 

of each display from the category prototypes in nine-dimensional 

Euclidean space. The formats included: 1) Chernoff faces (1973) in 

which each dimension corresponded to a different facial characteristic, 

2) arrays of digits, and 3) polygons whose vertices were determined by 

the ends of radii emanating from the center of the figure. The number of 

sorting errors and the time taken to sort the stimuli were recorded. 

Overall, performance was better with the Chernoff faces than with the 

polygons which, in turn, was better than performance with the digit 

arrays. 

In a second experiment, Jacob, Egeth, and Bevan (1976) attempted to 

generalize this Chernoff face superiority to another performance index. 

Equivalent displays were generated under each of the previously tested 

display formats in addition to "glyphs" or circles with rays corre¬ 

sponding to the nine dimensions extending outward from the uppermost 150 

degrees. The length of these rays represented the value on its respec¬ 

tive dimension. Using a paired-associate procedure, subjects were 

required* to learn names that were assigned to equivalent displays under 

each of the formats. Fewer trials were required to reach the criterion 

with the Chernoff faces than with the other two graphic displays. 

Evidently, there were no consistent differences between the Chernoff 
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faces and the digit arrays because subjects selectively attended to a 

subset of three digits in the arrays which were usually sufficient to 

discriminate between arrays. 

The general superiority of Chernoff face displays has been attrib¬ 

uted to the adeptness humans demonstrate in processing human faces 

(Ellis, 1981). Faces are also advantageous because they are easily 

classified in terms of common characteristics, e.g. "happy", "sad”, and 

"mean". Such characteristics may be useful in tasks requiring the 

recognition of typical or standard data configurations which would 

generate displays corresponding to these expressions. 

In another study, star and deviation bar formatting were compared 

to common meter displays by Peterson, Banks, and Gertman (1981). The 

star format was similar to the polygon fondât discussed above in that it 

presented system component data as radii extending from a common point. 

All the system data were scaled so that the radii ended between two 

concentric circles which represented the extreme values the radii could 

have while still representing normal operating levels. The star appear¬ 

ance was generated by connecting the ends of all the radii. Under the 

deviation bar format, deviations from normal operating conditions were 

represented as horizontal bar graphs to the left or right of a vertical 

line. These data were also scaled so that the range of normal opera¬ 

tions was indicated by vertical lines on either side of the norm. The 

meter display simply presented the status of each system component as 

the needle position on separate meters. Perceptual sensitivity (d*) and 

detection accuracy were superior under the star and deviation bar 
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formats as compared to the meter format. There were no differences 

between the star and deviation bar formats. 

The influence of display formatting has also been demonstrated in a 

complex decision task. The display formatting (analog vs. bar graphs), 

the number of cues (two or three), and the cue relations (linear or 

configurai) were varied in a multiple-cue probability learning task by 

Goldsmith and Schvaneveldt (1981). The analog displays represented cue 

values as the length of the sides of either rectangles (two cues) or 

triangles (three cues) whereas the cues were presented separately in the 

bar graph condition. Performance, indicated by the correlation between 

subjects responses and the correct values, was superior under the analog 

displays when compared to performance under the bar graphs. The data 

also indicated that the advantage of the analog displays increased as 

the number of cues, complexity of the cue relations, and practice 

increased. 

The advantage of analog/graphic displays, therefore, has been demon¬ 

strated repeatedly using a variety of tasks. However, system operators 

often deal with data that are in a constant state of change, whereas 

subjects have typically been given unchanging, static information. In 

order to have an impact on the design of these types of task situations, 

research must focus on more dynamic tasks in which the decision maker 

deals with changing information, e.g. optional stopping tasks, where 

the advantage of analog display formats may, perhaps, be even greater. 

Optional Stopping 

The complexity of information systems within which decision makers 

operate has grown dramatically in recent years (Wohl., 1981). Fairly 
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typical is the case in which information generated by some "state of 

nature" is made available to the system operator over a period of time. 

In this case, the operator’s task usually involves deciding when a suf¬ 

ficient amount of information has been acquired, interpreting that infor¬ 

mation, and choosing a course of action based on it, not necessarily in 

that order. Frequently, the available information is fallible in that 

it is not completely reliable or diagnostic. That is, its source may be 

equivocal, it may not be completely indicative of the process from which 

it was generated, and even if it were, it may not dictate unequivocally 

the "proper" response. Two examples of such information systems are the 

military command post in which a commander uses unreliable tactical data 

to assess the threat posed by enemy forces, and the control room in a 

nuclear reactor where operators monitor data on many process subsystems 

to determine the overall status of the reactor. In both cases, exis¬ 

tence of a threatening condition is revealed gradually, and successful 

system performance depends on accurate and timely interpretation of—and 

reaction to—the unfolding scenario. 

Psychologists have studied various aspects of decision making in 

optional stopping tasks for some years now (among the earliest were 

Edwards, 1961; Irwin & Smith, 1957; Wald, 1947). The typical laboratory 

version consists of presenting a subject (decision maker) with cumula¬ 

tive diagnostic information regarding some underlying generator process 

—usually a stationary, stochastic one. Based on this information, he 

or she must decide when to stop receiving information and commit to a 

final decision, presumably in accordance with the expected aggregate of 

gains and losses at that point versus all future points. That is, in 
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addition to the terminal values associated with the various outcomes, 

the decision maker must consider the cost of additional information 

(sampling) plus the improvement in the decision situation to be gained 

by sampling. Obviously, even a relatively simple decision problem at 

any given point can become quite complex when consideration of all 

future possibilities is taken into account. The unaided decision maker 

would, in effect, have to estimate information growth functions, cost 

functions, and pay-off functions in addition to the present aggregate 

situation, and then compare the two. 

It seems that many optional stopping tasks are complex enough to 

quickly overwhelm the limited processing capacity of decision makers so 

that any methods such as display formatting which may be devised to 

"unburden" them would be valuable to system designers. That is, per¬ 

formance should improve to the extent that information is processed 

before the decision maker must make use of it, i.e. the decision 

aiding concept (Fischhoff, 1982). In order to assess the effects of 

such methods, however, normative models need to be developed to provide 

objective indices to contrast with observed performance. Since norma¬ 

tive modelling is a major aspect of the present study, special attention 

is addressed to research in which it has been used to assess the effects 

of a variety of variables. 

Deviations from Optimal Models 

Inherent in the use of optimal models in optional stopping research 

is the notion that observed behavior will deviate from the behavior of 

the ideal decision maker in lawful, systematic ways (Edwards, 1962). By 

observing such deviations, researchers may gain insights into optional 
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stopping behavior, and corrective measures may be devised (Fischhoff & 

Beyth-Marom, 1983). A very general decision model is Expected Value 

Maximization (EVmax) which posits that choice is dictated by the product 

of the probability and value considerations associated with the conse¬ 

quences of the decision alternatives (Edwards, 1961, 1962). As applied 

to optional stopping, this model proposes that there is an EV based on 

the probability and value of the consequences associated with each 

possible course of action at decision n; likewise, each possible course 

of action at decision n+1 has an EV. The EVmax model simply states that 

the sign of the difference between these EVs is the only formally rele¬ 

vant consideration in deciding which course of action to take at point 

n. 

In general, EVs are dependent only on the outcome probabilities and 

values of decision consequences. The EVs which define optimal stopping 

points are independent of the prior probabilities, the sample size, and 

the resources spent in acquiring past information. However, observed 

EVs often are sensitive to normatively irrelevant variables. Pitz 

(1968) varied the total amount of information that subjects were allowed 

to sample, and found that the average amount sampled decreased with the 

total amount available even though the optimal amount was always 

available. Chapman (1973) observed that subjects overweighted infor¬ 

mation in favor of less frequent events and underweighted information in 

favor of more frequent events when prior probabilities were extreme. 

Also, as discussed earlier, it seems that humans become increasingly 

reluctant to sample information as the sample size increases (Pitz, 

1968, 1969? Pitz, Reinhold, & Geller, 1969") even though resources that 
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have already been spent are only important insofar as they have provided 

information. 

Researchers have also found that decision makers either consis¬ 

tently over-sample or under-sample information before committing to a 

final decision. However, the conditions which determine the direction 

of these sampling biases have not yet been identified. Kahneman and 

Tversky*s prospect theory (1979b) offers a method of predicting the 

direction of biases. According to this theory, decision makers summa¬ 

rize decision outcomes with respect to some neutral reference points 

they see outcomes above this point as gains; those below it, as losses. 

Further, they tend to be risk-aversive with gains and risk-seeking with 

losses. Based on these two assumptions, the directions of sampling 

biases should depend upon whether subjects are attempting to maximize 

gains or minimize losses. 

In accordance with these predictions, several researchers have 

found that subjects over-sample (risk-reducing) with gain-maximizing 

tasks (Connolly & Gilani, 1982; Hershman A Levine, 1970; Levine, Samet, 

& Brahlek, 1975). Connolly and Gilani (1982) also observed under¬ 

sampling (risk-seeking) with a loss-minimizing task which was norma- 

tively equivalent to their gain-maximizing task. However, prospect 

theory does not account for all the optional stopping data described 

earlier. For instance, both the Howell (1966) and the Pitz, Reinhold 

and Geller (1969) studies found under-sampling with gain-maximizing 

tasks. 

Another example of prospect theory’s failure to predict over- and 

under-sampling biases is provided by Connolly and Gilani (1982) who 
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varied the amount of information available to subjects. Even when the 

available information was doubled (four to eight items), subjects 

continued to over-sample when the optimal sample size was low (n=1) and 

under-sample when optimal sample size was high (n=3). Similarly, 

Snapper and Peterson (1971) conducted two binary prediction experiments 

in which they found that subjects used stopping criteria which were too 

moderate relative to the optimal model: they sampled either too much or 

too little data. Based on Snapper and Peterson's (1971) data as well as 

their own, Connolly and Gilani (1982) speculated that human decision 

makers are predisposed toward modest information sampling. 

Another common finding is that human decision makers are only 

partially sensitive to relevant variables. For example, decision 

makers are often conservative, i.e. they fail to use all the diagnostic 

information contained within a sample in adjusting their subjective 

probabilities. Such conservatism has been the most intensely studied 

phenomenon in Bayesian decision research (Fischhoff & Beyth-Marom, 

1983). In the optional stopping situation, decision makers often modify 

their information sampling in the direction of optimality, but with 

insufficient magnitude. For example, Pitz (1969) found it necessary to 

vary the distributions within-subjects or to allow extended practice 

with extreme distributions (from which data are highly diagnostic) in 

order to increase his subjects’ sensitivity to prior probability dis¬ 

tributions. Also, the degree of the disparity between optimal and 

observed sampling usually increases as the diagnosticity of the data 

increases (Slovic & Lichtenstein, 1971). 
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To recapitulate, decision makers are: 1) sensitive to normatively 

irrelevant variables, 2) apparently predisposed toward sampling moderate 

amounts of data, and 3) only partially sensitive to relevant variables. 

As in these studies, then, an optimal model can be used to assess the 

effect of display formatting in the optional stopping situation. The 

specific relationship between display formatting and optional stopping 

tasks will now be discussed. 

The Effect of Display Format on Optional Stopping Performance 

The rationale for the present study, then, is quite simple. The 

finding that display formatting can affect complex human judgment as 

well as other behaviors is well documented. It seems reasonable that 

analog formats may be particularly useful for aiding decision makers in 

dynamic situations such as the optional stopping situation. Speeifi- 

cally, when the interrelationships among facets of information are 

important for task performance,, a display format which allows these 

interrelationships to be perceived directly, i.e. analog formats, should 

be valuable to the decision maker. Under alphanumeric displays, on the 

other hand, decision makers would be required to transform data mentally 

in order to perceive the interrelationships thereby increasing their 

cognitive load. If the assessment of the interrelationships among data 

in an optional stopping task is easier under an analog than an alpha¬ 

numeric format, one would expect that: 1) less information should be 

required to commit to a final course of action, 2) the overall accuracy 

of decisions should be greater, and 3) the time required to make deci¬ 

sions should be shorter. The present study was designed to test these 

predictions by manipulating display format in an optional stopping task. 
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In addition, the amount of available information was varied in fac¬ 

torial combination with display format. The rationale for this manipu¬ 

lation derives from a study by Hershman and Levine (1970). These 

researchers found that subjects who were presented with additional 

probability information in a truncated book-bag problem earned signifi¬ 

cantly more points than subjects without the added information. It 

follows that if the cognitive load does differ between display formats, 

then the use of additional information should be more difficult under a 

i 

more demanding, alphanumeric display format. That is, the advantage of 

the additional information should be greater under an analog format. 
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Method 

Sub.jeots 

Fifty-six undergraduates enrolled in psychology courses at Rice 

University participated in the study. The subjects received either 

class credit or $4.00 for their participation. 

Task 

A task scenario was developed requiring subjects to monitor hurri¬ 

canes in their approach toward a populated city. The paths of the 

hurricanes corresponded to a grid composed of seven latitude units X 

eight longitude units. The task scenario is most easily described in 

terms of the hurricanes* possible coordinate locations (latitude X longi¬ 

tude) with reference to Figure 1. 

The hurricanes began each trial at (4,7) and always advanced one 

unit of longitude at a time toward the city at (4,0). They remained at 

the same latitude on 40$ of the advances, moved up one unit of latitude 

on 30$ of the advances, and moved down one unit on 30$ of the advances. 

The probabilities underlying this movement were chosen so that the modal 

ending point for all the hurricanes was the location of the city at 

(4,0), although the absolute probability of this occurrence was low (p= 

.1905). Subjects were instructed to respond to the hurricanes in such a 

way as to minimize the overall number of lives lost due to all of the 

hurricanes monitored in the entire experimental session. The reason for 

stressing the overall loss was to encourage subjects to consider the 

probability of all the possible outcomes, thereby maximizing the EV of 

their responses rather than trying to "second guess" the hurricanes. 
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Losses: 80 

Figure 1. Typical analog display of hurricane-monitoring task 
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At any point during a trial, subjects could commit to a final 

course of action, or wait and sample more information. When committing 

to a final decision, subjects had to choose either to evacuate the city 

or to stop monitoring the hurricane. This latter option would be chosen 

if there was no danger of the hurricane hitting the city or if "riding 

out the storm" was deemed the most worthwhile action. A detailed 

description of each of these options follows. 

Evacuation. At any time, subjects could order the evacuation of 

the city. Evacuation insured that some lives would be saved if the 

current hurricane hit the city. However, since evacuation procedures 

tend to be quite inefficient and chaotic, a portion of the population 

would be sure to be lost through exercising this option. Also, the 

number of lives lost would increase as the evacuation option was delayed 

due to the increasing inefficiency of the evacuation procedures. The 

function controlling the evacuation losses was: 

Evacuation loss = 300 + 3 X (8 - LONGITUDE)2. (1) 

Stop Monitoring. By exercising this option, subjects were able 

to withhold the news of the hurricane’s advance toward longitude 0 from 

the citizens of the hypothetical city. Within the task scenario, such 

news inevitably causes some panic, which, in turn, leads to some acci¬ 

dental deaths. Therefore, the stop monitoring option prevented these 

lives from being lost. However, once the stop monitoring option was 

chosen, the evacuation option was forfeited for the remainder of the 

trial. Therefore, if the hurricane hit the city after the stop moni¬ 

toring option was chosen, a large portion of the population (1500 lives) 

would be lost 
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Waiting. By waiting, commitment to a final course of action was 

postponed and the next position of the hurricane was displayed. As was 

stated above, however, knowledge of a hurricane’s approach toward longi¬ 

tude 0 was assumed to cause some panic and accidental deaths. There¬ 

fore, the number of lives lost increased as the subjects waited because 

the panic continued with the hurricane’s advance toward longitude 0. 

The functions controlling the losses due to waiting were: 

Waiting cost = 0 lives per advance, (2) 

where longitude < 4, and 

Waiting cost = 20 lives per advance, (3) 

where longitude => It. 

Thus, the losses associated with the exercise of each option were a 

function of the hurricane’s position at the point of decision. Regard¬ 

less of the option chosen, the outcome of each trial was displayed, and 

the options were restored at the beginning of the next trial. 

Independent Variables 

Analog and alphanumeric display formats were compared. Under the 

analog format, which is illustrated in Figure 1, the hurricanes were 

represented as asterisks advancing from one latitude and longitude 

position to the next, whereas under the alphanumeric format, which is 

illustrated in Figure 2, presented the same latitude and longitude 

information separately. Feedback on the cumulative number of lives lost 

for each trial was displayed numerically under both display formats. 

The amount of probability information that was made available to 

subjects was also varied. The probabilities with which the hurricanes 

changed their latitude positions were explained to every subject. Half 
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STORM'S STORM'S 
LATITUDE LONGITUDE 

4 7 
5 6 
5 5 
4 4 

3 3 
4 2 

5 1 
6 0 

CITY'S 
LATITUDE 4 0 

Losses: 80 

CITY'S 
LONGITUDE 

Figure 2. Typical alphanumeric display of hurricane-monitoring task 
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the subjects were also presented with probability values indicating the 

likelihood that the hurricanes would hit the city from each possible 

location, a condition referred to as maximum information (MAX, see 

Figure 3). The other half were given none of this updated probability 

information, a condition designated minimum information (MIN). 

Optimal Model and Dependent Measures 

An EVmax model was developed as a standard against which to measure 

the quality of decision performance. For each possible location of the 

hurricanes, the option yielding the lowest expected loss (EL) (see 

Appendix A) was defined as the optimal response. The EL for each option 

at each possible decision point can be seen in Table 1. The optimal 

response, the observed response, and the response latency were recorded 

for each subject at every decision point. The amount of informajtion 

subjects sampled before committing to a final decision for each trial 

was also recorded. 

Stimuli and Apparatus 

Seven random trinomial distributions of data were generated to 

control the movement of the hurricanes (for a description of the gener¬ 

ation procedure, see Appendix B). A TRS-80 Model 2 microcomputer 

controlled the stimulus presentation and recorded the performance 

measures during the experimental sessions. 

Design and Procedure 

Display format (alphanumeric vs. graphic) was combined factorially 

with the two levels of information availability (MAX vs. MIN) in a 

between-group design. To control for specific patterns or sequences of 

hurricane movement, multiple sequences were used—seven in all. Each 



LONGITUDE 

7 

LATITUDE 

6 5 4 3 2 1 

1 .0513 .0270 .0000 .0000 

2 .1248 .1188 .1080 .0900 .0000 

3 .1812 .1923 .2064 .2250 .2400 .3000 

1» .1905 .2044 .2226 .2470 .2800 .3400 .4000 

5 .1812 .1923 .2064 .2250 .2400 .3000 

6 .1248 .1188 .1080 .0900 .0000 

7 .0513 .0270 .0000 .0000 

Figure 3. The additional probability information presented 
to subjects in the MAX information conditions 
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hurricane sequence was presented to two subjects in each experimental 

group for a total of eight subjects per sequence. 

At the beginning of the experimental session, the task scenario, 

the probability of the hurricanes' movements, the loss functions, and 

the choice options were described in detail. Once again, the subjects 

were instructed to minimize the loss of life incurred due to all the 

hurricanes monitored during the experimental session. They were also 

told that they would be shown their total losses at the end of the 

session. Response accuracy was stressed although the subjects were told 

that their response latencies were also being recorded. 

Subjects monitored ten practice hurricanes to become acquainted 

with the task, the various response options, and the loss functions. 

After these practice trials, any questions about the task were answered 

and data were collected on 40 experimental trials. Subjects were given 

short breaks after the 13th and 26th trials. The 40 trials were broken 

into three trial blocks defined by rest breaks (that is, there were 13 

trials in the first two blocks and 14 in the third) in order to assess 

how the subjects' performance changed as the sessions progressed. In 

all, the introduction to the task, the practice trials, and the experi¬ 

mental trials required approximately one hour. 
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Results 

In this study the principal independent variables were the display 

format (analog vs. alphanumeric) and the amount of information available 

to subjects (MIN vs. MAX). The effect of trial block was also of inter¬ 

est. The dependent measures were the amount of information purchased 

prior to a final decision, the accuracy of decisions, and the sampling 

and final decision latencies. The results for each dependent measure 

will be discussed in turn. 

On each trial, subjects had the opportunity to sample up to eight 

pieces of information at which time the hurricanes either hit or passed 

the hypothetical city. By sampling additional information, subjects 

were able to make final decisions with greater assurance. However, the 

benefit of sampling the eighth piece of information was zero since it 

•allowed the exercise of no further options: immediately thereafter, the 

storm either hit or missed the city. Since the eighth piece of informa¬ 

tion was always costly, its acquisition resulted in an immediate net 

loss. Despite its suboptimality, this response was made at least once 

by 52% of the subjects, and its occurrence did not differ drastically 

among groups (see Table 2). As shown in Figure 4, the distribution of 

these responses shows a clear "break" between the frequencies of three 

and four. This strongly suggests two underlying processes. For the 

vast majority of subjects who made this error, it seems to represent 

part of the early familiarization process: they were not aware of its 

futility until they experienced a few outcomes. Others continued to use 

the strategy occasionally throughout the trials, suggesting a basic 

misunderstanding of the problem. Since the data produced by such 



Table 2 

The Mean Number of Trials in Each Group in which 
Eight Pieces of Information were Sampled 

Display Format 

ANALOG NUMERIC 

MINIMUM 1.0 1.64 

Amount of 
Available 
Information 

MAXIMUM 1.0 2.0 
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Frequency of Sampling in the Last Longitude Position 

Figure 4. The frequency with which subjects sampled in the last longitude 
position (Ns29) 
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subjects sheds little light on the question of interest here, the four 

most extreme cases were eliminated from the analysis and replaced by 

four others (who, it turned out, did follow instructions). Somewhat 

fortuitously, the four discarded subjects were each drawn from different 

experimental groups (see Footnote 1). 

Information Sampling 

As was stated previously, seven different series of hurricanes were 

used. The difference between the mean amount of information sampled and 

the mean optimal sampling was computed for each subject to determine 

whether such deviations from optimal sampling varied with the different 

hurricane séquences. The mean deviation scores did not vary with the 

hurricane sequences, F(6,49) = 1.36, £ = .25, nor with the other inde¬ 

pendent variables. Therefore, the data were collapsed in all subsequent 

analyses. 

The mean amount of information sampled for each experimental group 

can be seen in Table 3. Neither display format (F(1,52) = 1.22, p_= 

.27), the amount of available information (F(1,52) = 1.90, £ = .17)» 

nor their interaction (F(1,52) < 1.0) influenced the amount of informa¬ 

tion sampled. Subjects sampled more information as the session pro¬ 

gressed (block 1, M= 4.92; block 2, M= 5.04; block 3, M= 5.23). 

This conclusion was supported by a significant effect of trial blocks, 

F(2,104) s 5.00, £ = .0085. The increase in sampling did not vary 

significantly with the display format, the amount of available informa¬ 

tion, nor their interaction. 

Overall information sampling was also compared with the sampling 

prescribed by the optimal model. For this comparison, the deviation 
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Table 3 

Mean Amount of Information Sampled 

Display Format 

ANALOG NUMERIC 

MINIMUM 4.84 4.99 

Amount of 
Available 
Information 

MAXIMUM 5.06 5.36 
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data were used once again. A t ratio was computed on these deviation 

scores to test the null hypothesis that the population deviation score 

was zero (optimal). Subjects tended to sample more information than was 

prescribed by the optimal strategy, M= .39, t(55) = 3.54, £ < 

.0005. The tendency to sample more than optimally prescribed did not 

vary significantly with display format, amount of available information, 

nor their interaction. 

Decision Accuracy 

The accuracy of decision making was assessed by scoring the appro¬ 

priate response at each decision point as 1 and each inappropriate 

response as 0. To determine the effect of the independent variables, 

mean scores were computed for each subject, multiplied by 100, and 

expressed as the percentage of responses that were appropriate. These 

percentage scores were used as an index of the overall effects of the 

independent variables on the accuracy of decision performance. As can 

be seen in Table 4, subjects in the MAX condition were more accurate 

than subjects in the MIN condition (F(1,52) = 6.88, p = .011). 

However, neither display format (F(1,52) < 1.0), nor the display 

format X information availability interaction (F(1,52) < 1.0) influ¬ 

enced decision accuracy. Subjects did become more accurate as they 

became more practiced. The mean accuracy scores were .766, .761, and 

.789 for blocks 1, 2, and 3, respectively. This improvement was indi¬ 

cated by a significant effect of trial block, F(2, 104) = 3.87, £ = 

.024, but did not vary with either of the primary independent variables. 



31 

Table 4 

Decision Accuracy Reported as the Percent of Responses which 
Corresponded to the Responses Prescribed by the Optimal Model 

Display Format 

ANALOG NUMERIC 

MINIMUM 75.9 74.6 

Amount of 
Available 
Information 

MAXIMUM 79.5 78.9 
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Decision Latency 

For all the decision latency analyses, the scores were submitted to 

a logarithmic transformation to minimize the distorting effects of 

extreme raw scores. To aid interpretation, however, means are expressed 

in raw score form (i.e. as antilogs of the averaged data). These means 

for each group are reported in Table 5. Trial block was the only factor 

found to influence decision latencies, F(2,104) = 149.46, £ < .0001. 

Not surprisingly, subjects responded more quickly as they became 

practiced. The average latencies were 608 msec, 450 msec, and 351 msec 

for blocks 1,2, and 3, respectively. This tendency to respond more 

quickly with practice did not vary with display format, amount of prob¬ 

ability information, not their interaction. Since,: as indicated 

earlier, subjects were able to take advantage of the additional infor¬ 

mation in the MAX condition to improve their decision accuracy, 

absence of a concurrent increase in latency suggests improved decision 

efficiency. 

Levine (1973» Levine & Samet, 1973) suggested that subjects find it 

more difficult to commit to a final decision than to continue sampling 

information. This suggestion was based on the assumption that the time 

required to make a decision increased with its relative difficulty. To 

test this hypothesis, Levine compared the mean sampling latency with the 

mean final response latency for each subject and found final response 

latencies to be reliably longer. In Levine’s task, however, sampling 

decisions were most often made in the beginning of trials while final 

decisions were most often made toward the end of trials. Therefore, the 

increased decision time simply may have been due to the location in the 
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Table 5 

Decision Latencies Reported as the Antilogs 
of Mean Log Scores Measured in Milliseconds 

Display Format 

ANALOG NUMERIC 

MINIMUM 494 367 

Amount of 
Available 
Information 

MAXIMUM 466 521 
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decision problem rather than to the inherent difficulty of the decision. 

To re-test this hypothesis while reducing the confounding effects of 

decision location, those sampling and final decision latencies from the 

latter longitude positions (longitude positions 1, 2, 3, and 4) in the 

present study were compared. Any differences found, therefore, would 

more likely be due to the type of decision rather than its location in 

the decision problem. The mean late sampling and late final decision 

latencies were calculated for each subject. One subject did not make 

any late sampling decisions and, thus, could not contribute a difference 

score; hence, the data were subjected to an unweighted means analysis. 

The late final decision latencies (M = 712 msec) were substan¬ 

tially greater than the late sampling latencies (M = 510 msec), 

F(1,51) = 6.93* £ < .012. Therefore, in accordance with Levine's 

conclusions, final decisions seemed to be more difficult for subjects 

than sampling decisions. Since these two types of decisions appear to 

be qualitatively different, separate analyses of late sampling and final 

decisions may be even more sensitive than the analysis of late decisions 

in general. Accordingly, the late decision latency data were analyzed 

on the basis of the type of decision with which they were associated. 

Late sampling latency. The results from an unweighted means 

analysis are presented in Table 6. Despite the apparent differences 

among the means, neither the display format (F(1,51) K 1.0), the 

amount of information available (F(1,51) * 1.29» £ = .26), nor their 

interaction (F(1,51) = 1.07, p = .31) influenced late sampling laten¬ 

cies. There was, however, a highly significant practice effect, 

F(2,104) = 31.96, £ < .0001. Subjects required less time to decide 



Table 6 

Mean Sampling Decision Latencies in the Later 
Part of Each Trial Reported as the Antilogs 
of Mean Log Scores Measured in Milliseconds 

Display Format 

ANALOG NUMERIC 

MINIMUM 613 471 

Amount of 
Available 
Information 

MAXIMUM 624 685 
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to sample additional information as the session progressed. The average 

latencies were 803 msec, 574 msec, and 452 msec for block 1, 2, and 3, 

respectively. 

Late final decision latency. Once again, despite the apparent 

differences among the means, neither of the independent variables nor 

their interaction were found to influence reliably the time that 

subjects required to commit to a final course of action late in the 

trials (see Table 7). Despite the nonsignificance of the interaction 

(F(1,52) s 2.88, p^= .075), it is interesting to note that the 

analog display yielded virtually identical mean latencies for both 

levels of information whereas the alphanumeric display yielded a 266 

msec, faster mean response un^ler the lower information level. Since a 

difference of this sort would suggest that analog processing is more 

"holistic" than the alphanumeric processing—and, in fact, that the 

alphanumeric mode may be both inferior and superior to the analog mode 

depending upon the information load—it is definitely a possibility 

worthy of future exploration with a more powerful design. The possi¬ 

bility also exists, however, that the increase found under heavy informa¬ 

tion load may have been due to the format in which the additional infor¬ 

mation was presented (see Figure 3). This format was dissimilar to 

the alphanumeric format and may simply have increased the difficulty of 

using the additional information—an explanation which also deserves 

further scrutiny. 

As with sampling decisions, there was a highly significant practice 

effect on late final decision latencies, F(2,104) = 81.33» £ < 

.0001. Subjects required less time to commit to a course of action as 
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Table 7 

Mean Final Decision Latencies in the Later 
Part of Each Trial Reported as the Antilogs 
of Mean Log Scores Measured in Milliseconds 

Display Format 

ANALOG NUMERIC 

MINIMUM 767 525 

Amount of 
Available 
Information 

MAXIMUM 763 791 
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the session progressed. The average latencies were 888 msec, 693 msec, 

and 562 msec for blocks 1, 2, and 3, respectively. The practice effect 

did not interact with either of the independent variables. 

Recapitualization 

In view of the number and complexity of the above findings, it is 

perhaps useful to summarize the main points preparatory to the discus¬ 

sion. In general, subjects sampled more information than was optimal, 

and they were more inclined to do so as they became more practiced. 

They were able to use the additional information in the MAX condition to 

improve their decision accuracy without concurrent increases in their 

RT, suggesting more efficient processing. Also, they responded more 

quickly to information as they became practiced. Subjects also found 

committing to final courses of action more difficult than sampling more 

information in the later part of trials (i.e., the part where a final 

decision was a reasonable alternative). Finally, the manner in which 

information was displayed failed to influence performance reliably on 

any of the measures in this optional stopping task. 
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Discussion 

In today’s complex man-machine systems, nonoptimal human perform¬ 

ance can have catastrophic consequences as illustrated in widely pub¬ 

licized accidents such as the Three Mile Island incident (Kemeny, 1979). 

In response, the amount of research concerned with the effects of 

system design-related variables on human performance has been steadily 

growing (e.g. the Proceedings of the Human Factors Society has re¬ 

cently grown from one to two volumes). A major portion of this research 

has focused on the effects of display features such as display format. 

If display formats are to help the human operator in judging when and 

how to act in future information systems, it is important to know how 

this variable affects human performance in complex, realistic task 

situations—of which, the optional stopping situation is an example. 

The present research was concerned with the effect of display format in 

such a situation. 

Display Format 

While there are obviously many facets to.the optional stopping 

task, the present study sought to determine how a prominent design 

feature—mode of display—might affect the quality of decision on one 

such task under two different information conditions. The reason for 

choosing display format as a topic for investigation was, first, because 

it is an aspect of the system that is under the designer’s control; 

second, because it is an aspect that is known to affect performance in a 

variety of other man-machine system tasks; and finally, because it is an 

aspect that can be expected to reflect future advances in computer tech¬ 

nology. Analog and alphanumeric formats were compared because it 
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has been suggested that they may foster different cognitive strategies 

(e.g. "holistic” vs. "analytic" processing). 

At first glance, the results do not seem to support this expec¬ 

tation: display format did not influence significantly the amount of 

information sampled, the accuracy nor the latency of decisions made in 

the present version of the task. It is possible, however, that the 

experimental procedures employed in the present study were not sensitive 

enough to expose the effects of display formatting. Rather, the effect 

of this variable may be restricted to conditions where task demands 

exceed some critical point. Under such extreme conditions, the greater 

ease with which the interrelationships among data are perceived under 

the analog format (i.e., as in "holistic processing") may become crucial 

for maintaining performance. In contrast, performance under the two 

display formats may be Indistinguishable when the demands are below this 

critical point.- In the MIN conditions, therefore, the present task may 

have imposed insufficient demands on subjects for a display effect to 

become apparent. Furthermore, the probability information presented to 

subjects in the MAX conditions may have actually reduced the task 

demands by releasing subjects from the need to estimate this information 

for themselves, thereby improving performance. It may, therefore, be 

necessary to place even greater demands upon the decision maker in order 

to observe the effects of display formatting on optional stopping per¬ 

formance. In fact, considering the level of stress that often accom¬ 

panies such tasks in the "real world", a greatly increased processing 

load would not be at all unrealistic. There are several experimental 

procedures available which may be used to increase the demands of the 
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present hurricane-monitoring task, a few of which will be discussed 

briefly now. 

In the present study, subjects determined the rate at which they 

received information. Conrad (1956; Conrad & Hille, 1955) showed long 

ago that giving control of the information presentation rate to subjects 

dramatically improved performance. Also, Knowles, Garvey, and Newlin 

(1953) found subjects to respond at an average rate of 0.45 signal per 

second without errors in a self-paced condition whereas they made 36^6 

errors in a foroed-paced condition at the same rate. Moreover, "time 

load" is considered a major factor when subjects assess the workload 

imposed by tasks (Boyd, 1983» Reid, Shingled'ecker, & Eggemeier, 1981; 

Sheridan & Simpson, 1979). It follows, then, that the demands of the 

present task may be incremented by varying systematically the amount of 

time subjects have in which to process the displayed information. 

The processing demands of the task may also be incremented by re¬ 

quiring subjects to perform an additional task concurrently (Kantowitz, 

1974; Knowles, 1963; Navon & Gopher, 1979; Wickens, 1981). Specifi¬ 

cally, the effect of display formatting could be tested by comparing the 

ability to perform the hurricane-monitoring task in isolation with the 

ability to perform the task with a concurrent task, e.g. a short term . 

memory task. If analog formatting does place less processing demand on 

decision makers, the decrement in the dual task situation should be 

smaller under the analog format than the alphanumeric format. 

Finally, the overall complexity of the present task could be in¬ 

creased by requiring decision makers to incorporate added dimensions of 

information into their decisions. An exsimple of such a dimension may be 
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"hurricane strength". If subjects were required to use information 

regarding the strength of hurricanes when committing to various courses 

of action, the task demand might be great enough to produce an effect of 

display formatting—if, indeed, task demand is a necessary condition for 

demonstrating a display effect. 

In view of these considerations, the present failure to find an 

effect of information display formatting on optional stopping perform¬ 

ance should not be interpreted as conclusive evidence that display 

features are irrelevant. Rather, it should be viewed as a first step 

toward defining the limiting conditions under which display formatting 

matters. Apparently, a self-paced task at the present level of complex¬ 

ity is beyond those limiting conditions. It remains to be seen whether 

the nonsignificant trends in the present data portend significant 

effects at a more demanding level. 

Sampling Behavior 

It seems clear that Kahneman and Tversky's (1979) prospect theory 

cannot account for the information sampling observed in this study. 

Even though the present task required subjects to minimize their losses, 

information was consistently over-sampled indicating risk-aversiveness 

rather than the predicted risk-seeking behavior. However, Connolly & 

Gilani's (1982) contention that human decision makers are predisposed 

toward sampling moderate amounts of information was supported. Overall, 

subjects sampled an average of 5.07 out of'the 7.0 useful (8.0 possible) 

pieces of information available per trial. 

The present study also replicated Levine's finding (Levine, 1973» 

Levine & Samet, 1973) that subjects require less time to sample addi- 
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tional information than to commit to a final course of action. Further, 

it showed that this effect is more likely due to the nature of the 

response than to the location in the task at which the decision was made 

(a source of confounding in the Levine studies). This conclusion must 

be viewed with caution, however, since sampling decisions were made at 

locations different than final decisions even in the later columns. 

Still, the differences between the locations of sampling and final deci¬ 

sions in the present study were much less than in Levine's studies; and 

since the latency differences held, one must conclude that his conten¬ 

tion that final decisions are inherently more difficult than sampling 

decisions is strengthened. 

Practice Effects 

The one seemingly anomalous finding in the present study was that 

subjects sampled more information as they became more experienced. It 

is possible that subjects grew increasingly inclined to suffer the 

losses due to continued sampling in order to have extra information 

available with which to make their final decisions (in essence, shifting 

their emphasis from "speed" to "accuracy"). While it is impossible to 

determine retrospectively whether this was a conscious strategy, it is 

interesting to examine the optimality of this shift in objective terms. 

The optimality of continued sampling can be tested by comparing the 

amount of information sampled prior'to and the accuracy of final 

decisions—that is, decision efficiency—for the three trial blocks for 

each subject. There was an overall trend for decision efficiency (mean 

final decision accuracy / mean number of information updates) to in¬ 

crease with practice (11.90% correct/update, block 1; 11•00% 
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correct/update, block 2; 13.17? correct/update, block 3). This increase 

in decision efficiency was highly reliable (F(2,104) = 9.44, £ < 

.0002) which indicates that subjects were able to improve their final 

decisions with the increased information they drew. Therefore, what 

appears to have been a counterproductive tendency--oversampling 

relative to the optimal stopping point—turns out on closer inspection 

to have been quite functional in terms of the demonstrated efficiency. 

The implication of this finding is that we should not be too hasty to 

ascribe non-normative decisions to "irrational" human strategies. The 

present shift from speed to accuracy, while non-normative from an abso¬ 

lute standpoint, may have been considerably more "rational" when viewed 

in the context of human processing limitations. In the future, it would 

be useful to determine whether this shift is accompanied by verbal 

reports of a strategy change. 

In sum, then, the present study failed to identify a significant 

display effect in any aspect of optional stopping performance, although 

it did corroborate and extend previous findings with respect to sampling 

behavior and the relative ease of sampling vs. final decision. More¬ 

over, it produced an important insight into the way optional-stopping 

performance changes with practice: processing becomes more efficient. 

And finally, of course, it suggested promising directions for future 

research—particularly with respect to the display manipulation. In 

view- of the practical significance of a display effect if, indeed, there 

is one, it would not be wise to regard the present results as the final 

chapter in the display story. Rather, an effort should be made to 

determine whether differences appear under more demanding task condi- 
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tions, as is suggested here, and if so, what the limiting conditions are 

(see Footnote 2). It is, after all, the tough situations that warrant 

our greatest attention in matters such as display design, since it is 

here that any design improvements would be expected to produce the 

greatest payoff in system performance. 



46 

References 

Baker, C. A., and Grether, W. F. Visual Presentation of Information 
(WADC Technical Report 54-160). Wright-Patterson Air Force Base, 
Ohio: Wright Air Development Center, August, 1954. 

Boyd, S. P. The use of conjoint analysis in the interval subjective 

scaling of mental workload. Proceedings of the Eighth Psychology 
in the Department of Defense Symposium. Colorado Springs: USAF 
Academy, April 1982. 

Chapanis, A. Research Techniques in Human. Engineering. Baltimore, 
Md.: Johns Hopkins, 1959. 

Chapman, C. R. Probability bias in information seeking and opinion 
revision. American Journal of Psychology. 1973» 86, 269-282. 

Chernoff, H. The use of faces to represent point in n-dimensional space 
graphically. Journal of the American Statistical Association, 

1973, 68, 361-368. 

Connolly, T., & Gilani, N. Information search in judgment tasks: A 

regression model and some preliminary findings. Organizational 
Behavior and Human Performance, 1982, 30, 330-350. 

Conrad, R. The timing of signals in skill. Journal of Experimental 
Psychology. 1956, 51, 365-370. 

Conrad, R., and Hille, B. A. Comparison of paced and unpaced 
performance at a packing task. Occupational Psychology, 1955, 
29, 18-28. 

Edwards, W. Behavioral decision theory. Annual Review of Psychology. 

1961, 12, 473-498. 

Edwards, W. Dynamic decision theory and probabilistic information 

processing. Human Factors. 1962, 1, 59-73» 

Edwards, W. Optimal strategies for seeking information: Models for 
statistics, choice reaction times, and human information processing. 
Journal of Mathematical Psychology, 1965, 2, 312-329. 

Ellis, H. Theoretical aspects of face recognition. In G. Davies, H. 
Ellis, & J. Sheperd (Eds.), Perceiving and Remembering Faces, New 
York: Academic Press, 1981. 

Fischhoff, B. Debiasing. In D. Kahneman, P. Slovic, & A. Tversky, 
(Eds.), Judgment under uncertainty: Heuristics and biases. New 
York: Cambridge University Press, 1982. 

Fischhoff, B., & Beyth-Marom, R. Hypothesis evaluation from a bayesian 
perspective. Psychological Review. 1983, 90. 239-260. 



47 

Goldsmith, T. E., & Schvaneveldt, R. W. The role of integral displays 
in decision making. In Human Factors in Computing Systems, 1982, 
197-201. 

Goodstein, L. P., & Pederson, 0. M. Do control room designers have 
adequate bases for computer displays. In IEEE Proceedings of the 
Specialists meeting on Control Room Design. 1975, 83-92. 

Hammond, K. R. The integration of research in judgment and decision 
theory (Report No. CRJP 226). Boulder, CO.s University of 

Colorado, Institute of Behavioral Science, July, 1980. 

Hanson, R. H., Payne, D. G., Shively, R. J., and Kantowitz, B. H. 
Process control simulation research in monitoring analog and digital 
displays. In Proceedings of the Human Factors Society 25th Annual 
Meeting. 1981, 154-158. 

Hershman, R. L., 4 Levine, J. R. Deviations from optimum information- 
purchase strategies in human decision-making. Organizational 
Behavior and Human Performance, 1970, 5, 313-329. 

Hitt, W. D. An evaluation of five different abstract coding methods - 

Experiment IV. Human Factors. 1961, 2» 120-130. 

Howell, W. C. Task characteristics in sequential decision behavior. 

Journal of Experimental Psychology. 1966, 71, 124-131. 

Irwin,F.W., & Smith, W. A. S. Value, cost, and information as 

determiners of decision. Journal of Experimental Psychology, 
1957, 54, 229-232. 

Jacob, R. J. K., Egeth, H. E., & Bevan, W. The face as a data display. 
Human Factors. 1976, l£, 189-199. 

Kahneman, D., & Tversky, A. Intuitive predictions Biases and 
corrective procedures. TIMS Studies in Management Science, 1979* 
12, 313-327. (a) 

Kahneman, D., & Tversky, A. Prospect theory: An analysis of decisions 
under risk. Econometrica. 1979, 47. 263-291. (b) 

Kantowitz, B. H. Double stimulation. In B. H. Kantowitz, (Ed.), Human 
Information Processing: Tutorials in Performance and Cognition. 
Hillsdale, New Jersey: Lawrence Erlbaum Associates, 1974. 

Kemeny, J. G. (chairman) Report of the Presidents Commission on the 
Accident at Three Mile Island. U. S. Government Printing Office, 
Washington, D. C., 1979. 

Knowles, W. B. Operator loading tasks. Human Factors, 1963* 5, 
155-161. 



Knowles, W. B., Garvey, W. D., A Newlin, E. P. The effect of speed and 
load on display-control relationships. Journal of Experimental 
Psychology. 1953, 46, 65-75. 

Levine, J. M. Information seeking with conflicting and irrelevant 
inputs. Journal of Applied Psychology. 1973, 57, 74-80. 

Levine, J. M., & Samet, M. G. Information seeking with multiple sources 
of conflicting and unreliable information. Human Factors, 1973, 
.15, 407-419. 

Levine, J. M., Samet, M. G., & Brahlek, R. E. Information seeking with 
limitations on available information and resources. Human 
Factors. 1975, 17., 502-513. 

McCormick, E. J. Human Engineering. New York: McGraw-Hill, Inc., 

1957. 

Navon, D. A Gopher, D. On the economy of the human processing system. 

Psychological Review. 1979, 86, 217-255. 

Peterson, R. J., Banks, W. W., & Gertman, D. I. Performance-based 
evaluation of graphic displays for nuclear power plant control 
rooms. In Human Factors in Computer Systems, 1982, 182-189. 

Pitz, G. F. Information seeking when available information is limited. 
Journal of Experimental Psychology, 1968, 76, 25-34. 

Pitz, G. F. Use of response times to evaluate strategies of information 
seeking. Journal of Experimental Psychology. 1969, 80, 553-557. 

Pitz, G. F., Reinhold, H., & Geller, E. S. Strategies of information 
seeking in deferred decision making. Organizational Behavior and 
Human Performance. 1969, 4., 1-19. 

Reid, G. B., Shingledecker, C. A., A Eggemeier, F. T. Application of 
conjoint measurement to workload scale development. Proceedings of 
the 25th Annual Meeting of the Human Factors Society. Rochester: 
Human Factors Society, 1981. 

Schultz, H. G. An evaluation of graphic trend displays. Human 
Factors. 1961, 3, 99-107. 

Sheridan, T. B. and Simpson, R. W. Toward the definition and 
measurement of the mental workload of transport pilots. Cambridge: 
Massachusetts Institute of Technology, Contract No. DOT-OS-70055, 
January, 1979. 

Slovic , P., A Lichtenstein, S. Comparison of bayesian and regression 

approaches to the study of information processing in judgment. 
Organizational Behavior and Human Performance, 1971, ,6, 649-744. 



49 

Slovic, P. From Shakespeare to Simon: Speculation - and some evidence 
- about man’s ability ,to process information (Monograph No. 12). 
Eugene, Oregon: Oregon Research Institute, April, 1972. 

Smith, S. L. Color coding and visual separability in information 
displays. Journal of Applied Psychology, 1963» 47. 358-364. 

Smith, S. L., & Aucella, A. F. Design guidelines for the user 

interface to computer-based information systems (ESD-TR-83-122). 
Bedford, MA.: The Mitre Corp., March 1983. 

Snapper, K. J., & Peterson, C. R. Information seeking and data 
diagnosticity. Journal of Experimental Psychology, 1971, 87. 

429-433. 

Tullis, T. S. An evaluation of alphanumeric, graphic, and color 

information displays. Human Factors^ 1981, 23. 541-550. 

Wald, A. Sequential Analysis. New York: Wiley, 1947. 

Wickens, C. D., Mountford, S. J., and Schreiner, W. Multiple resources, 

task-hemispheric integrity, and individual differences in 
time-sharing. Human Factors. 1981, 23., 211-230. 

Wickens, C. D., & Scott, B. D. A comparison of verbal and graphical 

information presentation in a complex information integration 
decision task (EPL-83-I/ONR-83-I) . Champaign , Illinois : 
University of Illinois, Engineering-Psychology Research Laboratory, 
June, 1983. 

Wohl, J. G. Force management decision requirements for Air Force 
tactical command and control. IEEE Transactions on System. Man, 
and Cybernetics, 1981, Vol. SMC-11. 



50 

Footnotes 

1. The reported results are from the analyses of the most recent 
data since there were minimal differences found between the results of 
complete, separate analyses of the old and new data. 

2. A recent study in which the demands of the hurricane-monitoring 
task were incremented with the "time load" approach has exposed 

extremely reliable performance differences between the two display 
formats. Decision accuracy was superior under the analog format when 
compared to the alphanumeric format which supports the main hypothesis 
of the present paper. 
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The EL for evacuating the city at each position was equal to the 
aggregated loss due to waiting plus the evacuation loss associated with 
the current longitude position. The EL for the stop monitoring 
option was calculated by: 

EL(latitude, longitude) = p(hitting city) X 1500 + waiting cost, 

where the first term was the EL for stopping the monitoring process at 
(latitude, longitude), the second term was the probability of hitting 
the city from (latitude, longitude), and the waiting cost was the aggre¬ 
gate loss from previous sampling. 

To calculate the EL for waiting at each location, it was neces¬ 
sary to assume that the subsequent choice would have the minimum ex¬ 
pected loss (ELmin) for that position. Based on this assumption, the EL 
for waiting at (latitude, longitude) was calculated as follows: 

EL(latitude, longitude) = .3 X ELmin(latitude +1, longitude +1) 
+ .4 X ELmin(latitude, longitude +1) 
+ .3 X ELmin(latitude - 1, longitude +1) 

where 2<= latitude< = 6. When the hurricanes were in the extreme lati¬ 
tudes (1 and 7) (see Figure 1), they could only remain in the same lati¬ 
tude position or move inward toward the city. In these cases, the hurri¬ 
canes had a .7 probability of remaining in the same latitude (the sum of 
the probability of moving away from the city and the probability of 
remaining in the same latitude) and a .3 probability of moving inward 
toward the city. For these instances, the EL for waiting at (latitude, 
longitude) was calculated as follows: 

EL(latitude, longitude) = .7 X ELmin(latitude, longitude +1) 
+ .3 X ELmin(latitude +1, longitude +1) 

where latitude = 1, and 

EL(latitude, longitude) = .7 X ELmin(latitude, longitude +1) 
+ .3 X ELmin(latitude - 1, longitude +1) 

where latitude = 7 
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To generate the trinomial distributions, uniform distributions of 
random numbers ranging from 0.0 to 1.0 were generated by the IMSL 
Library Subroutine GGUB and subsequently divided into three groups as 
follows: those numbers <= .3 were assigned 1, those > .3 and <= .7 were 
assigned 2, and those > .7 were assigned 3. Each random trinomial dis¬ 
tribution, then, was had 30$ one's, 40$ two's, and 30$ three's. The 
hurricane sequences were determined by the sequence of one's, two's and 
three's in these distributions. 


