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/ Abstract

“/The user's mental model of a computerized, perceptual database
system was investigated in three experiments. The system consisted of
a database of multidimensional sounds, commands to search the
database, and one of three separate displays (two graphic displays for
training, an alpha-numeric display for testing). The graphic displays
presented different conceptualizations of the database; training with
a different graphic display was predicted to cause the formation of a
different mental model of the system. The results of three
experiments indicated that users trained with one graphic display
identified two-dimensional sounds with significantly lower latency
(Experiment 1) than users trained with the second graphic display.
For three-dimensional sounds these findings were reversed (Experiment
2). When the user was trained with both displays this interaction
disappearsd (Experiment 3). The results indicate that displa; design
can influence the user’'s mental model of a system and that this has
implications for performance with the system. © Al hiasd §;g:q

¥

4

In the last few decades there has been a dramatic increase in the
complexity of man-machine systems. Process control, nuclear
submarines, and aeronautics are but a few examples. The increase in
complexity of the wunderlying systems has been accompanied by an
increase in the technology available for the man-machine interface.
These advances include the development of computerized graphics, voice

I/0 and artificial intelligence. The result is a need to assess the

implications of these technologies for system design.

This assessment is the responsibility of a number of disciplines,
most notably experimental psychology, engineering psychology, and
human factors. Wickens (1984, pp. 3-4) describes the approach of
each discipline in the following statement:

’ "The goal of experimental psychology is to uncover
the laws of behavior through experiments.
However, the design of these experiments is
unconstrained by a requirement to apply the laws.
That is, it 1is not required that experiments
generate immediately useful information. The goal
of human factors, on the other hand, is to apply
knowledge in designing systems .that work,
accommodating the limits of human performance and
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exploiting the advantages of the human operator in

?.; the process. Engineering psychology arises from

}f, the.convergence of these two domains. 'The aim of

{% englneering psychology is not simply to compare

4 two possible designs for a piece of equipment

S [which is the role of human factors], but to

ﬁy specify the capacities and limitations of the

&& human [generate an experimental database] from

4*‘ which the choice of a better design should be

f@; directly deducible' (Poulton, 1966, p.178). That

’ is, while research topics in engineering

o psychology are selected because of applied needs,

Q? the research transcends specific one-time

S applications and is conducted with the bhresiz-

N objactive of providing a usable theory of ' ...

) i ;

Bl nerformance

»; !'

a8 The Jork that has Dbeen completed for the ONT D2ocscoioctoral
46

ﬁ* Fellowship falls wunder the category of engineering psvcnocloqv. Tae

experiments were conducted with the goal of obtaining generalizable

g data on visual reasoning and imaging in a systems context.
iﬂj Specifically, the research concentrated on the interaction between the
‘zi design of graphic dispiays and the information-processing capabilities
;ﬁi of the user. The rescarch was motivated by several issues which are
5& important for the design of complex systems.

\

‘lr First, computer graphics are becoming an increasingly important
ﬁ? aspect of the man-machine interface. Computer graphics are an
%§ extremely efficient method for data presentation. A number of
ji; theories have been advanced to explain this phenomena, but let it
%% suffice that graphic presentation allows the interrelations among data
gi to be easily seen and integrated. Also, the use of software-generated
%; * _ controls and displays allows great flexibility in the design of
?? . machines. Examples can be seen in the design of programming
;&1 environments (Glinert & Tanimoto, 1984) and operating systems (Aprle's
wJ Lisa and Xerox's Star) in which all interaction is handled
%' graphically.
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5% ) The second factor motivating the research is an interest in the {
N

£§ information-processing capabilities of the wuser and how this is

ﬁﬁ affected by system design. If a computing system is to be optimally

iﬁi effective the user's capabilities and limitations must be considered |
?ﬁi in its design. Traditionally, human factors has focused on design |

constraints imposed by the physical characteristics of the user (e.g.,

ﬁg angle of the keyboard or VDT). However, human-computer interaction is
4
ﬁ; an activity that 1is highly knowledge-intensive, This dictates the
¥

ess tractible but potentially more rewarding domain: user |

-

study of a

£

g? cognition. Hollnagel and iloods (1983) describe a perspective to

'A;, ) '

@% system design, which they have termed cognitive systems engineering ‘
RO |

(CSE), which incorporates this philosophy. They state:

"In contrast to traditional approaches to the
study of man-machine systems which mainly operate j
on the physical and physiological level, CSE ‘
operates on the 1level of <cognitive functions.
Instead of viewing an MMS as decomposable by

e mechanistic principles, CSE introduces the concept
g@ of a cognitive system: an adaptive system which
o functions using knowledge about itself and the
}f' environment in the planning and modification of
ﬁb' actions. Operators are generally acknowledged to

use a model of the system (machine) with which
AR they work. Similarly, the machine has an image of
ﬁf the operator. The designer of an MMS must
Ak recognize this, and strive to obtain a match
R ) between the machine's image and the user
ﬁb characteristics on a cognitive level, rather than

just on the level of physical functions."

The present research is concerned with the model of the system

that wusers have. This has alternately been referred to as the user's

ii analogical (Rumelhart and Norman, 1981), metaphorical (€arroll and
;% ’ Thomas, 1982), and gqualitative (Williams, Hollan, and Stevens, 1981)
o reasoning, the user's conceptual model (Young, 1981, 1983), and the
y’ term that the present paper will adopt: the user's mental model
,

"
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(Carey, 1982; Halasz and Moran, 1982, 1983; Hollan, Hutchins, and
Weitzman, 1984; Moran, 198la, 1981b; Norman, 1983).

Young (1981) issues a qualified definition, stating that the
concept of the user’'s mental model of an interactive device "is a
rather hazy one, but central to it is the gssumption that the wuser
will adopt some more or less definite representation or metaphor which
guides his actions and helps him interpret the device's behavior"
(p.51). The wuser's mental model of an interactive computer system
includes knowledge of the internal workings of the system, what tasks
can be accomplished with the system, and how to accomplish those
tasks. Essentially, the user’'s mental model is the knowledge (and/or
beliefs) about a system that an individual uses to operate the system.

Previous articles have discussed mental models of programming
languages (du Boulay, O'Shea, and Monk, 1981; Mayer, 1980, 1981),
calculators (Halasz and Moran, 1983; Young, 1981, 1983), and complex
systems (Carey, 1982; Hollan, Hutchins, and Weitzman, 1984; Moran;
1981a, 1981b; Williams, Hollan, and Stevens, 198l1). 1In general, it is
claimed that the wuser's mental model of an interactive device is
influenced by information from a variety of sources including the
design of training materials, system manuals, and system interface.
If these components are well designed and complementary then the user
is likely to form an appropriate mental model of the system. However,
the vast majority of these articles are not empirical in nature. If
the wuser's mental model 1is to be a consideration in the design of
computing systems there must be empirical evidence indicating that
design can influence the user's mental model of a system and that this

has implications for performance with the system.
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Insert Figure 1 about here
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To address these issues a computerized, perceptual database
system was developed that had multidimensional sounds as its database.
Three separate interfaces to the system were designed which differed
only in the displays used to present information. Two displays were
graphic and represented different conceptualizations of the database,
as shown in Figure 1. The display on the left (Figure 1, parts a,c,e,
and g) is referred to as the analog display because of the direct
correspondence between a sound in the database and a box in the
display; the display on the right (Figure 1, parts b,d,£, and h) is
referred to as the abstract display because it does not have this

one-to-one correspondence. A third display, the alpha~-numeric

display, presented information with numbers and letters rather than
graphics (boxes). A detailed explanation of the database system and
system displays is given in the methods section of Experiment 1.

Training with a different graphic display was hypothesized to
result in a different mental model of the system. Three experiments
were conducted to test this hypothesis. In the experiments users were
trained to search a two-dimensional database (sounds varying in pitch
and loudness) with the analog and/or the abstract graphic display(s)
and were then tested with the alpha-numeric display. 1In the first
experiment users identified both two-dimensional and three-dimensional
sounds (varying in pitch, loudness, and duration) during testing (Days
2 and 3).

EXPERIMENT 1

It was hypothesized that training with a graphic display would

provide users with an internal model of the system for reasoning about
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/
the identifica[ion of sounds. . When tested with the interface

e
-

P containing the alpha-numeric display users would reason about the task
in terms of the graphic display that they had been trained with.
Performance differences were expected because each graphic display was
by more or less appropriate for the two- or the three-dimensional
database.

First, consider the analog display (see Figure 1, part a). This
’ display was a particularly appropriate representation of the
two-dimensional database because of the one-to-one relation between a
box in the display and a sound in the database. The direct

correspondence produced a display that was very spatial in nature:

o) o P v 0

the display represented a sound by one box in a particular area. The

abstract display lacked this direct correspondence. Therefore,

¢ training with the analog display should provide users with a more
appropriate mental model of the database system for the identification

of two-dimensional sounds.

For three-dimensional sounds the situation is reversed with the

e

abstract display providing a more appropriate representation.
Remember that the graphic displays were only two-dimensional in

nature: users would have to extend the display they were trained with

.;a_er. -“"-“:,

to represent a three-dimensional database. The abstract display could
i be easily extended to represent a database of any dimensionality by
adding a row of boxes for an additional dimension of sound. On the
other hand, the analog display could not be easily extended. It would
be necessary to imagine a cube (or three planes) to represent a
three-dimensional database. Thus, training with the abstract display
should nrovide users with a more appropriate mental model for the

&
. identification of three-dimensional sounds than the analog display.
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Users trained w~ith the abstract display were pra2iictad o
identify three-dimensional sounds with 1lower latency and higher
accuracy than users trained with the analog display. Users trained
with the analog display were predicted to identify two-dimensional

sounds with lower latency and higher accuracy than users trained with
the abstract display.
METHOD

Subjects. Forty-four volunteers from an introductory nsycholo;'
class, aged 13 +to 22 years, participated for creditz. Tour o izzis
were dropped érom the analysis dué to a failure to compleze zhe =az..
No 1listeners reported a history of hearing disorders. Subjects were
assigned randomly to graphic display (analog or abstract) and to order
of testing (two- or three-dimensional sounds first).

Stimuli. All sounds were synthegized on a digital computer using
standard algorithms. The two-dimensional database contained 25 sounds
constructed by a factorial combination of five levels of pitch (920,
978, 1040, 1105, and 1175 Hz) and five levels of loudness (75, 78, 81,
84, and 87 dB SPL). The three-dimensional database contained 125
sounds constructed by a factorial combination of the pitch, the
loudness, and five duration levels (100, 220, 340, 460, and 580 msec).

The database system had five commands: 1) select levels, 2) play

target, 3) play database, 4) identify target, and 5) select order.

Figure 1 illustrates both graphic display in response to several of
these commands. Figure 1 (parts a and b) illustrates each graphic
display at the beginning of a trial. To aid in identification the
user could select a subset of the database to compare to the target

sound. Fiqgure 1 (parts c¢ and d) illustrates each display in response

to the select levels command which was used to decrease the range of
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pitch levels., ~ijuv: 1 {»irkts e and f) show the response of each
display to a similar command for loudness. At this point the database
would contain four sounds and the play database command would play
these four sounds. As each sound was played the box (analog) or boxes
(abstract) representing that sound was placed in reverse graphics

(black on green, instead of green on black). Figure 1 (parts g and h)

illustrate each display as it appeared when the first sound in the

s:lectad > 07 . fi-hoase was played. The select order command
A3G s 2 . - - -- :hat these soumis were plavai. Th2 play
target Coatuna /a3 uscd to play the target sound. By reducing the

number oI sounds tie user c¢ould compare successively smaller and

smaller portions »f the database to the target sound. The identify

target command, as its name implies, was wused to identify target
sounds. During identification the display remained intact; after
identification the listener received feedback on accuracy.

The alpha-nuneric display presented the same 3ystem information

alpha-numerically, rather than graphically. The level settings were
represented by the name of a dimension and two numbers stating the
current range (upper and 1lower bounds) of that dimensi . The
two/three dimensions were placed on the same line and the numbers,
rather than boxes, changed as a result of a reduction of range. For
example, in the two-dimensional database the 1initial 1level settings
were represented as:
PITCH: LEVELS 1-5 LOUDNESS: LEVELS 1-5.

Wlhen the database was played, the level of each dimension wused to

construct the sound appeared beneath the level settings in this form:

PITCH: LEVELS 1-5 LOUDNESS: LEVELS 1-5




CURRENTLY PLAYING: PITCH: 1 LOUDNESS: 1.

Apparatus. All experimental events were controlled by a general
purpose laboratory computer (PDP-11/23). The sounds were output on a
12 bit digital-to-analog converter (Data Translation, model DT-2771)
at a sampling rate of 5 kHz, attenuated (Texscan, model sa-50),
low~pass filtered at 2.5 kHz (Krnhn-Hite, model 3750), and presented
binaurally over calibrated, matched headphones (Telephonics, model
TDH-50P). Listeners were seated in a soundproof booth (Industrial
Acoustics, mnodel 1602A) and a video terminal (Zenith, model WH19) was
used to present experimental prompts and to record listener responses.
The graphic displays were made with 8 X 10 dot matrix graphic symbols.

Procedure. The experiment was conducted on three consecutive
days with each session lasting approximately one hour. In the
training session each listener completed a questionnaire to assess
his/her computer-related experience. Listeners in each group were
trained with one of two graphic displays (abstract or analog). In the
training session listeners identified ten sounds in the
two-dimensional database. On the second and third day each group used
the alpha-numeric display to identify ten sounds 1in either the
two-dimensional or the three-dimensional database. The dimensionality
of the database was counterbalanced with the day of testing.

The experimental design contained four independent variables
(2X2X2X2 ‘levels), and two dependent variables. The independent
variables were graphic display in training session (abstract or
analog, bethen-subjects), dimensionality of database (two- or
three-dimensional, within-subjects), experimental trial (first and
last five, within-subjects), and order of testing ktwo- or

three-dimensional identifications first, between-subjects). The two

Q ,2;: }!. . -,:\.“'::'(: RRLRL
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dependent variables were collected on-line: latency of a sound
identification and the accuracy of an identification. Identification

time was measured (to 1/60 second accuracy).
RESULTS

A normalized accuracy score was computed by comparing the
individual's response for each dimension of sound to the actual level
used in the target sound's construction. Four scores were computed
for each subject by averaging the first and last five trials of the
two- and the three-dimensional accuracy scores. A 2X2X2X2
repeated-measures ANOVA was performed on these scores. The main
effect of trial, F(1,36)=8.27, p<.0l, and the dimensionality of
database by order of testing interaction, F(1,36)=8.94, p<.0l, were
significant while all other effects were nonsignificant. The overall
accuracy of identification was quite high: 97.75%. Due to the
ceiling effect and theoretically uninteresting differences, the
accuracy of identificatién scores will not be discussed further.

Latency scores were collected on-line and represented the elapsed
time (in seconds) from the start of a trial to the identification of
the target sound. Four scores were computed for each subject by
averaging the first and last five trials of the two- and the
three-dimensional latency scores, A 2X2X2X2 repeated-measures ANOVA
was performed on these scores, The dimensionality of database,
F(1,36)=133.48, p<.0001, the trial, F(1,36)=42.49, p<.0001, the
dimensionality by trial interaction, F(1,36)=6.54, p<.02, the
dimensionality by order interaction, F(1,36)=52.56, p<.0001, and the
graphic display by dimensionality by trial interaction, F(1,36)=5.97,
p<.02, effects were significant while all other effects were

nonsignificant. Table 1 1illustrates the mean values for latency of
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identification in this analysis; the following paragraph summarizes

the significant effects.

' Three-dimensional sounds (mean = 154 sec) took longer to identify
than two-dimensional sounds (mean = 105 sec). Identifications took
less time on the last five trials (mean = 116 sec) than on the first
five trials (mean = 144 sec). Latency for identification of
éwo-dimensional sounds was lower when subjects identified these sounds
during Day 3 of the experiment (mean = 84 sec) rather than Day 2 (mean
= 126 sec). Likewise, latency for identification of three-dimensional
sounds was lower when subjects identified these sounds during Day 3
(mean = 144 sec) than during Day 2 (mean = 164 sec). The
dimensionality by trial interaction effect indicated that latency for
identification of three-dimensional sounds improved more across trials

(means = 173 sec and 136 sec) than latency for two-dimensional sounds

(means = 114 sec and 97 sec).
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The graphic display by database dimensionality by trial
interaction indicated that wusers trained with the analog graphic
display took less time to identify two-dimensional sounds during the
last five trials of an experimental session (mean = 89 sec) than users
who were trained with the abstract display (mean = 104 sec). A

one-tailed t-test indicated that this difference was significant

(critical difference at p<.05 = 12.64 sec, obtained difference = 14.57
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sec). Although wusers trained with the abstract graphic display
identified three-dimensional sounds during the last five trials in
less time (mean = 132 sec) than users trained with the analog graphic
display (mean = 139 sec) the difference was not statistically
significant. Figure 2 shows the means associated with this effect
during the last five trials.

DISCUSSION

The results of Experiment 1 indicate that training with different
graphic displays resultad 1in significant performance diffarences
(latency of indentification) during testing. The interaction betwéen
training with a graphic display and the dimensionality of the database
was significant, with experimental trials taken into account. Tests
for simple effects indicated that wusers trained with the analog
graphic display identified two-dimensional sounds with significantly
lower latency during the last five experimental trials than users
trained with the abstract graphic display. For three-dimensional
sounds the differences were in the predicted direction, but
non-significant.

A possible explanation of these results is that training with a
graphic display provided wusers with an internal model of the system
(specifically, of the database). When tested with the alpha-numeric
display users reasoned about the identification task in terms of the
graphic display that they had seen in training. This interpretation

is consistent with previous research investigating the role of mental

models in performance with a computerized calculator (Halasz and
Moran, 1983) and programming languages (Mayer, 1980, 1981). 1In these
studies it was found that training with a model was wuseful for the

solution of novel problems. When faced with a novel problem users

' 0K, y
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iﬁ " could reason about the I12vi:: and its intarnal workings through th-»
g& model. This allowed users to determine an appropriate course of
;” action.
3% From this perspective differences in performance could be
~$‘ attributed to the appropriateness of a display for the two- or
H three-dimensional database. The significantly lower latency scores of
ﬁ; users trained with the analog display may have been a result of the
i
?‘ one-to-one correspondence N=2rnu2an a sound in the datgbase ani =2
i the scra2n, T Jrcoohnoandsnce Droviied aiditinazl - o0
éi informatcion Lo LAprove the latancy oL identificac: _
;: two-dimensional sounds. Thus, users :trained with the analcg display
i; developed an internal model more appropriate for the identification of
‘i two-dimensional sounds. Similar 1logic could be applied to explain

{ latency differences for the identification of three-dimensional

sounds.
W
However, the fact that tha int3ractinn hetween training with a

§% graphic display and the dimensionality of the database appeared only
'T as users gained experience with the system (see Fig. 2) is
;t inconsistent with the interpretation that users were reasoning with an
‘3
%é internal model based on their graphic display. One would expact these
? differences to disappear, rather than appear, as users became more
‘% familiar with the task. 1In fact, the results obtained by Halasz and
P; Moran (1983) and Mayer (1980, 198l1) indicate that performance
.f differences due to training with a model did disappear as the
;é experimental task became more routine. 1In these experiments, users
'¥ were tested on both routine problems (similar to those 1in training)
:ﬁ and novel problems (problems requiring extensions, combinations, or
g development of new problem-solving strategies) after training with a
2
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model of the device. Although the model supplied users with an aid

for the solution of novel problems, once a problem became more routine
training with a model did not help 1in its solution. A second
experiment was conducted to investigate whether significant
differences could be obtained for a three-dimensional database and to
assess the effect of additional experience with the system.

EXPERIMENT 2

Experiment 2 was conducted on five consecutive days. As in
Experiment !, user3 were trained to search a twa-dimansional database
with one of two graphic displays on the first day. However, testing
continued on four coﬁsecutive days and users searched only the
three-dimensional database during testing. As in Experiment 1 it was
predicted that users trained with the abstract display would identify
three-dimensional sounds with lower latency than users trained with
the analog display.

A new variable, the inclusion of a practice session prior to
experimentation, was included in Experiment 2. In this session users
were asked to identify two sounds in the two-dimensional database.
During the practice session each user had either 1) an alpha-numeric
display (a two-dimensional version of the test display) or 2) the
graphic display that the user was trained with. It was predicted that
there would be an interaction between the training display (abstract
or analog) and the practice display (graphic or alpha-numeric). Daily
practice with a graphic display should help users trained with the
abstract display but hinder users trained with the analog display.
METHOD

Subjects. Thirty=-nine volunteers from the employees of a

government research laboratory, aged 19 to 41 years, participated in
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the experiment. Three subjects were dropped from the analysis due to

e et sl
¥ W, -

failure to complete the task. No listeners reported a history of

=
-
-

hearing disorders. Subjects were assigned randomly to graphic display
b (analog or abstract) and to practice session (appropriate graphic
display or modified alpha-numeric display).

Stimuli. The stimuli for Experiment 2 were synthesized on a
digital computer using the same algorithms and levels as in Experiment

1. The only change was the removal of the select order command since

subjects in Experiment 1 wused this command only in an infrequent,
% exploratory manner.,
~§ Apparatus. All experimental events were controlled by a general

purpose laboratory computer (PDP-11/70). The sounds were output on a
N 10 bit digital-to-analog converter (DEC model AR11l) at a sampling rate
of 5 kHz, attenuated (Hewlett-Packard, model 3500), low-pass filtered
at 2.5 kHz (Krohn-Hite, model 3750), and presented binaurally over
28 calibrated, matched headphones (Telephonics, model TDH-50P) .
A Listeners were seated in a soundproof booth (Eckel Industries, model

AB200) and a video terminal (Zenith, model WH19) was used to present

experimental prompts and to record listener responses.

Procedure. The experiment was conducted on five consecutive days

B ,’. a"f‘!"m‘a_} .

Fe

with each session lasting approximately one hour. Before the training
X session and after the last experimental session each subject completed
)] a questionnaire to assess pre-experimental computer-related experience
and post-experimental strategies and impressions.

Subjects were trained with one of two graphic displays and

N "

identified ten two-dimensional sounds in the training session (Day 1).

-8,

On each of the following four days listeners identified two

> o
)
-

two-dimensional sounds during the practice session and ten
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' three-dimensional sounds during the experimental session, During the
practice session users had either the alpha-numeric display (a
two-dimensional version of the test display) or the appropriate
graphic display. The experimental design contained four independent
variables (2X2X4X2 1levels), and two dependent variables. The
independent variables were: 1) graphic display in training session
(abstract or analog, between-subjects), 2) display in practice session
(alpha-numeric or graphic, between-subjects), 3) day of experimental
session (one through four, within-subjects), and 4) experimental *“rial
(first and second five, within-subjects). The dependént variable was
latency of sound identification and was measured to 1/60 second
accuracy.

RESULTS

Eight latency scores were computed for each subject by averaging
the time (in sec) for the first and last five trials for each of the
experimental sessions. A 2X2X4X2 repeated-measures ANOVA was
performed on these scores. The graphic display, F(1,32)=4.65, p<.05,
the graphic display by trial interaction, F(1,96)=5.79, p<.025, the
day of experimental session, F(3,96)=107.74, p<.0001, the trial,
F(1,32)=54.16, p<.0001, and the day Dby trial interaction,
F(3,96)=25.26, p<.0001 effects were significant while all other
effects were nonsignificant. Table 2 illustrates the mean values for
the analysis; the following paragraph summarizes the significant
effects.

Users trained with the abstract display identified
three-dimensional sounds with lower latency (mean = 98 sec) than users
trained with the analog display (mean = 116 sec). A one-tailed t-test

indicated that this difference was significant (critical difference at
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%: . p<.05 = 14.65 sec, obtained difference = 18.33 sec). Users trained
3' with the abstract display identified sounds with lower latency (mean =
'\' 128 sec) than users trained with the analog display (mean = 104 sec)
i; during the first five trials averaged for all experimental sessions.
%‘ A two-tailed t-test indicated that this difference was significant
i (critical difference at p<.05 = 14.79 sec, obtained difference = 23.66
ﬁé sec). The difference between means for the last five experimental
é trials was not quite significant (obtained difference = 13.09 sec).

ﬂ,,
= it b

Latency improved between experimental sessions (means = 153, 105, 90,

and 81 sec) and between the first (mean = 116 sec) and the second five

PP .
Talalas

(mean = 98 sec) trials. Within experimental sessions latency improved

- Sk
e )y
A s

more during the first five trials (means = 178, 114, 93, and 82 sec)

§ than during the second five trials (means = 128, 97, 87, and 80 sec).
;3 DISCUSSION

' The results of Experiment 2 complement the results of Experiment
'§ l. Training with different graphic displays resulted in significantly
3{ different latency scores for the identification of three-dimensional
: sounds. Users trained with the abstract display were able to identify
?, three-dimensional sounds with significantly lower latency than users
': trained with the analog display. A related finding was that users
) t;ained with the analog display performed especially poorly during the
:3 first five trials of an experimental session. These results support
;§ the conclusion that training with the graphic displays resulted in
% different mental models of the database system and that differences in
é the user's mental model of a system can have implications for
iy

performance with that system,
That users may have been reasoning about how to use the database

system on the basis of an internal model associated with the graphic

[
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4 displays was put forth ag/a potential interpretation of the results of

Experiment 1. This interpretation is consistent with previous
empirical research on mental models (Halasz and Moran, 1983; Mayer,
1980, 1981). However, the results of Experiment 2 are difficult to
reconcile with this interpretation. Two aspects of the data are
unsupportive: 1) the insignificant interaction between practice

display and training display and 2) the subjective reports of users.

s Tt e ) e e =
2 3 5 -+ - - 5
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Practice display by training display interaction. If users were

reasoning about sound identification on the basis of an internal model
then seeing that display (model) every day should have reinforced the
internal model, thereby influencing identification times. Figure 3
illustrates that when the practice disﬁlay was graphic (as opposed to
alpha-numeric) the differences were accentuated, and in the predicted
direction. However, this effect was non-significant. These results
suggest that the user's mental model consisted of more than reasoning
on the basis of an internal model associated with the graphic
displays.

Subjective reports of users. In a post-experimental
questionnaire wusers answered questions on a scale of 0 to 100 where 0
was labelled Not at All, 50 was labelled Somewhat, and 100 was

labelled Extremely. When asked Did you think about the boxes on the

screen when you first tried to identify three-dimensional sounds? the

average response for all users was 35.7. It is reasonable to assume

that if the question had been asked on Day 2 of the experiment the

responses would have been somewhat higher. When asked Did you think
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about the boxes on the sare2n aftar you became practiced L

identifying three-dimensional sounds? the average response was 10.5

These results correspond to the subjective reports of wusers during
informal discussion. It can be concluded, at least by the end of

Experiment 2, that users were not explicitly reasoning about the

experimental task with an internal model based on the graphic

displays.

Thqre are oLy T o ‘rick othat the user's mental model
coasisted solely oo - ... - .2 basis of a display-basz:1
surrogate mental mods..  Younyg (1533, p.42-43) states that "For tasks

that require deliberate problem solving ... the surrogate may perhaps
be usable as the mental representation on which problem solving is
based. But for the more performance-oriented tasks the surrogate
seems practically irrelevant.” 1In both experiments experience was
found to be a predominant factor determining performance with the
database system. In Expzriment 1 there were large effects for
within-session trial and day of experimental session. Similarly, in

Experiment 2 there were significant effects associated with the day of

experimental session, the trial, and the display by trial interaction.
However, increased experience with the system did not, in general,

diminish the effects of training with a graphic display.

5 4+ + F F - -

This point is particularly clear in the results of Experiment 2.
The overall latency of identification (averaged for all users) was
lowered from 153 sec on Day 2 to 81 sec on Day 5. This represents a

reduction of nearly half. Figure 4 shows a log-log plot of the
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average identification latency for the abstract and analog groups on
each trial 1in the experiment (Although every fifth trial is actually
present on the graph, the regression lines were based on all trial
values). Thus, the results. of the present study complement the
findings_of Halasz and Moran (1983) and Mayer (1980, 1981) by
illustrating that the user's mental model of a system can also
influence performance on routine problems.

EXPERIMENT 3

In Experiments 1 and 2 users were trained with either the analog
or the abstract graphic display. The results of these experiments
indicate that training with a graphic display 1interacted with the
dimensionality of the database: users trained with the analog display
identified two-dimensional sounds with decreased latency while users
trained with the abstract display identified three-dimensional sounds
with decreased latency. It has been argued that training with the
abstract display resulted in é mental model of the database system
which was more appropriate for the identification of three-dimensional
sounds while training with the analog display resulted in a mental
model more appropriate for the identification of two-dimensional
sounds.

As Stevens and his colleagues (Stevens & Collins, 1980; Stevens,
Collins, & Goldin, 1979; williams, Hollan, & Stevens, 1981) have
stressed, reasoning about a complex system may 1involve the use of
several mental models. Williams, Hollan, & Stevens (1981, p. 148)
state that they "...consider the use of multiple mental models to be
one of the crucial Ffeatures of human reasoning." Experiment 3 was
conducted to investigate whether users could develop multiple mental

models of the system. To test this hypothesis users were trained with

h
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A both qraphic displays, rather than just one. During testing wusers
W

3¢ were shown a graphic display for one trial (similar to the practice
| ‘.‘

el trials of Experiment 2) and then tested with the alpha-numeric display
%i for an additional three trials. The user was shown a graphic display
2 to prime a particular mental model.

If users developed separate mental models based on the two
graphic displays then seeing a graphic display should invoke the
corresponding mental model. This would have implications for

subsequent performaics with the alpha-numeric display. After nriming

iﬁ with the ;nalog display users should perform better on two-dimensional

é; sounds and worse on three-dimensional sounds; after priming with the
;. abstract display users should perform better on three~dimensional
{*i sounds and worse on two-dimensional sounds. Thus, based on the
;i results of Experiments 1 and 2, it was predicted that an interaction
o

f would occur between priming with a graphic display and the

;2} dimensionality of the database.

; METHOD

'; Subjects. Sixteen volunteers from the employees of a government

ig. research laboratory, aged 21 to 35 years, participated in the
Eg experiment, No listeners reported a history of hearing disorders.

l; Stimuli., The stimuli for Experiment 3 were synthesized on a
ff digital computer using the same algorithms and levels as in
? Experiments 1 and 2.

;; Apparatus. The apparatus was the same as in Experiment 2.

fg Procedure. The experiment was conducted on three consecutive

days with each session lasting approximately one hour. Before the
training session and after the last experimental session each subject

completed a questionnaire to assess pre-exparimental computer~-related
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$ﬁ experience and post-experimental strategies and impressions.
i )‘1
Y Subjects were trained with both graphic displays and identified

ten two-dimensional sounds in the training session (Day 1). The
) graphic displays were alternated every other trial; the initial
- display was randomly determined. During testing (Days 2 and 3) a
listener identified a two-dimensional sound with a graphic display and

then identified three sounds (either two- or three-dimensional) with

¥

§~ the alpha-numeric display. This sequence was repeated four times
* during each test session. During the first two repetitions users
‘S identified two-dimensional sounds. If the analog display was seen on
;§; the first repetition then the abstract display was seen on the second
i; (and vice-versa). During the third and fourth repetitions users
?é identified three-dimensional sounds and the presentation order of
fg graphic displays was alternated in a similar fashion. The overall
" presentation order of graphic displays during testing was
%z counter-balanced: each subject was assigned randomly to one ofA the
%@ sixteen possible combinations.

h? The experimental design contained four independent variables %
e

gﬁ (3X2X2X2 levels), and two dependent variables. The independent
§§: variables were: 1) experimental trial (three sounds identified after
‘T' a graphic display, within-subjects), 2) graphic display used to prime
Eﬁ subjects (abstract or analog, within-subjects), 3) day of experimental
a3

.;& session (one or two, within-subjects), and 4) dimensionality of
;t "database (two- or three-dimensional, within-subjects). The dependent
{;% variable was latency of sound identification and was measured to 1/60
Z%; second accuracy.

< RESULTS

33 Twenty-four latency scores were obtained for each subject (twelva
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per aXperimental session). A 3X2X2X2 repeated-measures ANOVA was

performed on these scores. The graphic display by trial interaction,

A F(2,30)=10.14, p<.001, the day of experimental session, F(1,15)=17.77,
} p<.001, the trial, F(2,30)=14.14, p<.001, and the dimensionality of
;3 the database F(1,15)=50.83, p<.00l effects were significant while all
v other effects were nonsignificant. The following paragraph summarizes
?‘ the significant effects.
g; Two-dimensional sounds (mean = 88 sec) were identified with lower
. latency than three-dimensional sounds (mean = 117 sec). Experience
ﬁg with the database system again had a significant influence on
:% performance as users improved across trials (means = 115, 99, and 93
N sec) and across days (means = 117 and 88). The interaction between
Q graphic display and trial indicated that users took much longer on the
AS first trial after seeing the abstract display (mean = 128) than after
the analog display (mean = 103). A one-tailed t-test indicated that
& this difference was significant (critical difference at p<.05 = 11.35
% sec, obtained difference = 25.15 sec). As Figure ?? shows, this
difference was reversed (but not significantly so) on trials 2 and 3.
* DISCUSSION
:; It was hypothesized that training with both graphic displays
* would result in multiple mental models of the database. Priming with
g a graphic display was predicted to invoke one of the two mental models
‘E and 1interact with the dimensionality of the sounds which followed.
;‘ However, this interaction was not present. Therefore, under the
is specific circumstances of Experiment 3, wusers did not develop and
?; employ multiple mental models of the database system.

In retrospect these results may have been predicted from partial

results of Experiment 2. In that experiment there were four

‘6
o
3
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ﬂj experimental groups. Th2 us:rs ver2  trained with one of the two
é% graphic displays. Half of these two groups saw the graphic display

that they had been trained with in a daily practice session prior to
testing while the other half practiced with the alpha-numeric display.
€ Since only three-dimensional sounds were used in testing it was
predicted that daily practice with a graphic display would help users

trained with the abstract display but hinder users trained with the

by analog display. The results did aot sunport the prediction: whether

4, .

W

ve A . s 5 i . 1 . o
or not the user sag =2 rr=2on i di3nlay that he/she had  trained  with

b . e R :

i on each day made no signiZfi:snt (diiference in performance.

i

e These results, and the results of Experiment 3, strongly suggcst

that the user'’s mental model of the system did not consist solely of a

i{ mental representation of the system that was based on the graphic
N -

‘% displays and used in a deliberate problem-solving manner. This is
i substantiated by the users' subjective reports in all three
R experiments. However, the orimary rasults »f Zxneriments 1 ani 2
.§ support the mental model hypothesis. It is concluded that the user's
;' mental model of the system was of a more subtle nature than originally
{g predicted. This possibility will be discussed in greater detail in
E the following section.

| GENERAL DISCUSSION

;2 It is often claimed that the user forms a mental model of an
éi interactive computer system which is subsequently used to guide
}j interaction with that system. Despite the popularity of this
‘é assumption scant empirical evidence has been provided in its support.
o The results of the present study indicate that the interface of a
- computer system with graphics capabilities can contribute to the
o organization of the wuser's knowledge about interaction with that

- -
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£y system, That 1is, interface design can iafluence the user's mental
# . .

g. model of an interactive computing system. Training with an interface
%

containing one of two graphic displays was found to influence

performance during testing, when the interface to the system contained

3 an alpha-numeric display. In Experiment 1 users who were trained with
M the analog graphic display identified two-dimensional sounds in less
g‘ time than wusers trained with the abstract graphic display (with
g, increased experience). 1In Experiment 2 these findings were raversed:
Q‘ users trained with the abstract graphic disclay identified
é; three-dimensional sounds in less time than those trained with the

analog graphic display.
It has often been observed that the representation used 1in a
V% problem-solving situation can influence the ease of problem solution.
This has been noted in the traditional problem-solving literature
(e.g., Greeno, 1983) and real-world applicatiops (e.g., Brooke &
2 Duncan, 1981). Brooke & Duncan (1981) describe a study 1in which
display format was altered 1in a fault-finding task. They conclude
that "... modification of the perceptual nature of a display without
o modification of the basic problem-solving information can affect the
. speed and efficiency with which a fault in the displayed system is

diagnosed" (p. 186). The results of the present study support this

.g. conclusion but differ in one aspect: the perceptual modification of
&T the display was not actually present when the data were collected.
! .

~: The observed differences were due to information retained from
& training with a graphic display: the user's mental model.

s The simplest explanation of the present results 1is that users
Z were reasoning about the identification of sounds on the basié of the
ﬁ graphic displays that they had been trained with. Differences in
o
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B
DL performance were due to the appropriateness of a display for the
fhane
%f% search of the two- or the three-dimensional database. This
F‘% explanation 1is similar to what Young (1983) has referred to as

reasoning about a device on the basis of a surrogate model. A

surrogate model 1is a simplified, mechanistic account of how a device

works. In the present experiments, each graphic display could be

by considered a surrogate model of the system (specifically, the
*tﬁ database).

This interpretation is also similar to what has been referred to

in the problem-solving 1literature as the problem space (Newell and

ﬁgf Simon 1972). Halasz and Moran (1983) interpret the results of their
?f? research on the mental models of hand-held calculators in this manner,
‘%?‘ stating that the "problem space is an architectural framework for the
3 i knowledge about the possible states of a system, the operations to
R change the state, and the conditions for the appropriate use of the
%ﬁf operations."” In the present experiment training with the graphic
o Ay ]

§§§ displays resulted in the formation of different problem spaces for the
;i; identification of a sound. At least initially, users trained with the
i&é abstract display probably reasoned about operations on vectors (Fig.
;ﬁgﬁ 1, part b), while users trained with the analog display probably
fz reasoned about operations on a matrix (Fig. 1, part a).

f;ﬁ However, as previously mentioned, the results of Experiments 2
;ﬁg and 3 disconfirm the simplistic interpretation that users were
.ﬁ: reasoning specifically in terms of a graphic display. Also, the users
A

322 did not feel that they were reasoning on the basis of the graphic
iﬁ' displays. One subject's apswer to a post-experimental questionaire
’ﬁt; support this conclusion. When asked the guestion When the boxes were
)

not actually on the screen did you imagine that they were? That is,

———
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%& "did you think about identifying sounds in terms of the qgraphic
;% displays that you had previously seen? the wuser replied "I felt
§g comfortable with all three displays after a while. I didn't really
g' think about 'boxes' -- all I thought about were the sounds."

. If the users were not specifically reasoning in terms of the

graphic displays what is the nature of the user's mental model? Ié is
: likely that the cause of performance differences resides in the
\% representation of knowledge in memory. Although information in
» long-term memory is believed to be stored with one representational
system there are two types of short-term or working memories'(e.g.,
Howard, 1983). One working memory represents information with a

spatial or visual code while a second working memory represents

f% information with a verbal or linguistic code. This has implications
ii for performance because of the severe capacity and maintenance
limitations on information stored in working memory. As Greeno (1983)
;3 has noted, the representation of a problem has implications for the
E% ease that analogies can be formed, the information available for
: reasoning, the efficiency of problem-solving, and planning.
iﬁ In the present task users would reconstruct a representation of
F; the database (based on the graphic display they had seen in training)
: using a spatial code in working memory. The observed differences
;¥ could have been due to the amount of the limited-resource working
Eg memory which was required to maintain and reason about the task. Each
;' : display was a more or less efficient representation for each database
gi and required more or less effort to maintain the mental representation
ag for reasoning.
.: However, 1if the difference was due to different mental
fﬁ representations (spatial codes) in working memory then why did users
k
3
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g? \claim not to be reasoning in this manner? Anderson's (19382) theory of
ié the acquisition of cognitive skill may shed some 1light on this
o apparent discrepancy. The theory draws a major distinction between
g% declarative and procedural knowledge. Declarative knowledge consists
‘?E of facts about the skill; procedural knowledge consists of how to

knowledge. In the context of this experiment, the user must initially
think about which command should be used next and whether a potential
oy method is effective or not. However, with increased practice the user

integrates these commands into proper sequences and does not have to

t Yol
: : reason about the task. Declarative knowledge is transformed into
Ly o
K procedural knowledge and performance becomes increasingly skilled.

When the transformation 1is complete the individual often looses the

iy ability to verbalize components of the skill. This aspect could
i; account for the user's claim that they no longer reasoned in terms of
the graphic display.

;ﬂ Thus, the results of the experiments are interpreted as follows.
tg The graphic displays were interpreted by users as models of the
' system. The Problem Space theory provides a convenient method of
E;; thinking about how the displays influenced initial performance: they
;§ provided a different problem space for users to think about
= interacting with the system. Differences in problem space influenced
E% the users understanding of the function of each command, the internal
§§ workings of the database system, and potential methods for using the
; database system to identify sounds. At least initially, differences
Ef‘ in the wuser's mental model probably included mental imagery (e.g.,
& Shepard, 1978), reasoning by analogy (e.g., Gentner and Gentner,
‘ 1933), and beliefs about the the internal workings of the database.
e

2§. As users gained more experience with the database these 1initial
Wy '
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differences were transformed into/éifferences in procedural knowledge.

CONCLUSIONS

Consideration of the wuser's mental model 1in the design of
instructional systems is a primary concern, as exemplified in the work
of Hollan, Hutchins, and Weitzman (1984) and Williams, Hollan, and
Stevens (1981). For novice users a conceptual model which illustrates
the important components of a system and how these components interact
can facilitate the formation of an appropriate mental model of the
system. It allows the wuser to reason about the system in more
familiar or less complex terms.

The results of Experiments 1 and 2 suggest that the interface of
any system (instructional or functional) that has graphics
capabilities can be interpreted as a model of the system. Users will
induce a mental model (Moran, 1981b) through interaction with the
system. The results also indicate that the formation of different
mental models can have implications for the performance of both novel
and routine tasks.

The advent of 1low-cost computer and graphics technology has
resulted in their use in complex man-machine systems. A spatial
representation (such as that produced by computer graphics) can have
an influence on problem solving. Although computer graphics possess a
great potential to improve the man-machine interface, a switch from
non-qraphic to graphic presentation does not insure this improvement.
A system designer must consider the compatibility between a graphic
display and the task that the user will be asked to perform.
Relatively small differences in design can cause relatively large

differences in performance. In the nresant study graphic

representation was shown to influence performance on a task that was
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.essentially auditory in nature,
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Table 1

Mean values of sound identification latency for graphic display
(abstract or analog), dimensionality of database (two- or
three-dimensional) and trial (first five and last five) and order
of testing (two-dimensional then three-dimensional sounds, or

vice-versa)

R P T T e T E T T T L P T P rE T P Y]

Database: 2-D 3-D

Trial: 1-5 6-10 1-5 56-10 Averages
Display:
======== Order: 2-D then 3~D sounds
Abstract 133 124 156 121 134
Analog 143 104 167 132 137

Order: 3-D then 2-D sounds
Abstract 87 83 197 143 128
Analog 93 73 171 146 121
Averages

Abstract 110 104 177 132 131
Analog 118 89 169 139 129
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f Table 2

'2 Mean values of three-dimensional sound identification latency for

N graphic display (abstract or analog), practice display (graphic or

‘.

;* alpha-numeric), day of experimental session (two through five) and

b

;: within-session trial (first five and last five)

L

§ ____________________________________________________________________

% Day of session: 2 3 4 5

N Trial: 1-5 6-10 1-5 6-10 1-5 6-10 1-5 6-10 Averages
Display: .

- ======== Practice display: graphic

i Abstract 136 120 96 87 78 70 67 66 90

N Analog 205 136 134 101 103 98 92 93 120

2 Practice display: alpha-numeric

Y PR e &

; Abstract 184 125 102 95 91 90 82 76 106

. Analog 185 130 123 _103 96 90 84 82 112

b Averages

A Abstract 160 123 99 91 85 80 75 71 98
Analog 195 133 129 102 100 94 88 88 116
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’g‘sg . LIST OF FIGURES |
3"'2‘,5 1
i%v |
a |
A
34 Figure 1. Graphic displays (analog on left, abstract on right)
<. .'
L used for training in Experiment 2.
b Figure 2. Mean values of identification latency (in sec) for the

4,7¢
%- graphic display in training session (analog or abstract) by

rr
oy
%é dimensionality of database (two- or three-dimensional) by trial
%,

”i (first five and second five) interaction effect of Experiment 1.

et
b Figure 3. Mean values of identification latency (in sec) for the

;% graphic display in training session (analog or abstract) by type

. of display in practice session (graphic or alpha-numeric)
"?; interaction effect of Experiment 2.

‘P L
;2' Figure 4. Mean values of identification latency (in sec) for the
main effect of graphic display in training session (analog or

t: abstract) in Experiment 2 plotted on a log-log graph.
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