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HUMAN FACTORS, 1988, 30(1), 35-49

The Role of Stimulus-to-Rule Consistency in
Learning Rapid Application of Spatial Rules

ARTHUR D. FISK,' Georgia Institute of Technology, Atlanta, Georgia, and
SHIRLEY J. LLOYD, University of South Carolina, Columbia, South Carolina

Five experiments addressed the effects of intercomponent consistency on skill acquisition in
a class of cognitively demanding tasks requiring rapid integration of information and rapid
application of rules. The role of consistency of external stimulus-to-rule linkage in facilitat-
ing learning and performing rule-based tasks was examined. After extensive consistent prac-
tice, subjects' performance was remarkably similar to performance observed in traditional
perceptual learning tasks. This similarity suggests that mechanisms underlying perceptual
learning (in visual search) and rule-based spatial learning are similar. Subjects who were
trained such that consistent stimulus-to-rule association could be built up and strengthened
with practice performed in a manner qualitatively and quantitatively different from subjects
trained with inconsistent stimulus-to-rule relationships. This superiority of the consistent
stimulus-to-rule-trained subjects over the inconsistent stimulus-to-rule subjects was even
more exaggerated in dual-task situations. The data have implications for the understanding
and training of skilled problem-solving tasks. When training affords development of sub-
component automatization of the problem-solving activity, the chance of memory overload
is reduced. The results suggest one such trainable subcomponentthe perceptuallrule-based
components.

INTRODUCTION

The study of "skills"more precisely,
skills acquisitionhas a long history (for a
review see Adams, 1987). From the earliest
investigations researchers and practitioners
have actively pursued an expanded under-
standing of skills in general and, in particu-
lar, how best to train for efficient skills ac-
quisition (e.g., Book, 1925; Bryan and Harter,
1899; McGeoch, 1927; Pear, 1927; Solomon
and Stein, 1896). Much has been learned
since the early research of Bryan and Harter,

1 Requests for reprints should be scnt to Arthur D. Fisk,
School of Psychology, Georgia Institute of Technology, At-
lanta, GA 30332.

Solomon and Stein, and their contemporar-
ies. Clearly, the research efforts have in-
crt.ased our understanding of the acquisition
of mot-,: skills (Adams, 1987) and provided a
more complete understanding of the dy-
namics of perceptual learning (e.g., Gibson,
1977; Schneider and Shiffrin, 1977). In recent
years the skills research effort has moved to-
ward an understanding of why skilled per-
formers differ from novice or unskilled indi-
viduals (e.g., Adams, 1971; Fitts, 1964;
Schmidt, 1975; Shiffrin and Schneider,
1977).

What is lackingdramatically so from an
applications perspectiveis an understand-
ing of the dynamics of the development of

(c) 1988, The Human Factors Society, Inc. All rights reserved.
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those skills that are heavily weighted with
cognitive components. To develop more fully
an understanding of cognitive skills develop-
ment, an empirical attack is needed on two
fronts. Ongoing investigations of cognitive
skills development in a global sense must, of
course, continue. But, at least as important,
we must understand the similarities and dif-
ferences in learning high-performance
(Schneider, 1985) perceptual, motor, and
cognitive skills. Armed with such a taxon-
omy, history need not repeat itself from a
training and research perspective. The
present research addresses these needs. In
the current experiments we examined the
learning and application of spatial rules. The
task we employedconceptually similar to a
component of a chess gameprovided the
opportunity explicitly to examine skill devel-
opment and asymptotic performance using
laboratory techniques closely aligned with
those used in traditional perceptual learning
tasks; thus we could assess the "lawful" na-
ture of the acquisition of more cognitively
based skilled performance relative to more
traditional perceptual learning.

It is a truism that practice is needed to be-
come skilled at an activity. Practice can lead
to extreme differences among trained and
untrained performers. From the perspective
of perceptual learning, researchers have
dealt with the extreme differences in perfor-
mance often observed between experts and
novices by proposing that there are two qual-
itatively different forms of human informa-
tion processing (e.g., Fitts, 1964; Logan, 1985;
Posner and Snyder, 1975; Schneider and
Shiffrin, 1977). In the present paper we refer
to these two distinct forms of information
processing as automatic and controlled.
Using visual search as the primary paradigm,
research examining automatic and con-
trolled processing has catalogued numerous
empirical differences between these two
modes of processing (Fisk, Ackerman, and
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Schneider, 1987), demonstrated the qualita-
tive differences in event-related brain poten-
tial between the two processes (Kramer,
Schneider, Fisk, and Donchin, 1986), and
suggested the generality of the automatic/
controlled processing perspective to complex
stimuli. (See Fisk, Schneider, and Logan,
1986, for a review of the major distinctions
between automatic and controlled human in-
formation processing.)

As many of the early students of skill devel-
opment suggested, statements z,uch as "prac-
tice makes perfect" are only partially correct.
Dramatic changes in performance occur
when individuals are given extensive consis-
:ent practice. Consistent practice in visual
search occurs when stimuli are consistently
mapped (CM); that is, when an individual
makes the same overt ( a- covert) response to
stimuli (or class of stimuli) across training
trials. If the individual -eceives varied map-
ping training (VM), a given stimulus requires
responses that change across practice. Under
VM training automatic processing will not
develop and performance will not change
dramatically with practice. Automatic pro-
cessing develops with CM practice, not with
VM practice. The CM/VM training distinction
suggests a need to revise the old adage, which
should more correctly be: "CM practice
makes perfect." The distinction between VM
and CM training is important because of the
extreme quantitative and qualitative diffe.r-
ences in performance observed when subjects
are given VM as opposed to CM training. The
consistency of the practice is critical in deter-
mining task performance (see Fisk et al.,
1986, in press).

A major purpose of the present research
was to address the effects of intercomponent
consistency on skill acquisition in a class of
cognitively demanding tasks requiring rapid
integration of information as well as rapid
application of rules. Specifically, we exam-
ined the role of consistency of external stimu-
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lus-to-rule linkage in facilitating the learning
and performing of a rule-based classification
task. Chess-like tasks were used in all of our
experiments. The tasks required develop-
ment of a complex multicomponent skill con-
ceptually similar to a component in a chess
game. Performance efficiency on the task was
determined by how well the subject had
learned to distinguish the "game pieces"
from one another; understand how the pieces
might legally move; and, most important,
determine how or whether a targeted piece
was threatened by an "enemy" piece.

The particular task that subjects were re-
quired to perform was chosen for three rea-
sons. First, the task allowed manipulation of
consistency of the external triggering stimu-
lus-to-rule relationships (an intermediate
component of the overall task). Second, the
task was expected to have high external va-
lidity. Results from research examining
skilled chess playing have shown generality
across a range of tasks (Holding, 1985). In ad-
dition, an important aspect of chess training
appears to be learning to find familiar pat-
terns in order to determine strong moves (de
Groot, 1965; Lasker, 1975). Saariluoma
(1985) has pointed out that this phenomenon
is general across various rule-based gp.mes
such as "Go" (Reitn-tan, 1976) and bridge
(Charness, 1979). In addition, the use of ex-
ternal stimulus patterns to determine correct
action appears relevant in skilled perfor-
mance of many real-world tasks such as
music (Sloboda, 1976), computer program-
ming (Jeffries, Turner, Polson, and Atwood,
1981), electronic troubleshooting (Egan and
Schwartz, 1979; Rasmusssm and Jensen,
1974), interpreting X rays and medical diag-
nosis (Parasuraman, 1985), and in-flight re-
fueling (Schneider, Vidulich, and Yeh, 1982).
Thus the results obtained and conclusions
generated from our research using the
present task will have much promise of gen-
eralizing to other important real-world tasks.
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The third reason for selecting the present
task was that it capitalized on the easily
identifiable "components" of related percep-
tual/rule-based tasks. For example, Saari-
luoma (1984, 1985) has shown that the infor-
mation-processing components of the chess
taskinformation intake (stimulus process-
ing) and memory activation (use of rules)
are separable. Although the study of skill
components, such as those required for play-
ing chess, has a long history (e.g., Cleveland,
1907), a systematic "longitudinal" examina-
tion of the development of subcomponents of
the skill has not been undertaken except for
certain problem-solving tasks (e.g., Anzai and
Simon, 1979). In the case of the problem-
solving literature, when skill development
has been examined, practice has been ex-
tremely limited and often only a single sub-
ject is used.

EXPERIMENT 1: SINGLE-TASK
RULE LEARNING

Previous research using a real chess task
has shown that skill in chess (measured by a
rating system such as the Elo [1978] system)
is closely related to speed of performing most
chess-related tasks. It is not surprising that
skilled chess players are substantially faster
than novice players at recognizing chess
pieces, -ounting minor pieces, finding
threats, and determining whether a king is in
check. Unfortunately, previous research has
not examined the development of the percep-
tual/rule-based processc . Research that has
examined rule-based learning has not looked
at the mechanisms leading to successful
problem solving in regard to the develop-
ment of rule learning (Kotovsky, Hayes, and
Simon, 1985) except with a limited number
of subjects over a limited period (Anzai and
Simon, 1979).

The first experiment examined purely
quantitative performance improvements in a
task requiring integration of both perceptual

7
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and rule learning. The task required subjects
to determine the source of the "threat of cap-
ture" on a simulated game board. The stimu-
lus-to-rule mappings were consistent. A con-
sistent stimulus-to-rule mapping meant that
a given external stimulus always, and
uniquely, triggered a given movement rule
(e.g., the letter A might always imply a
"bishop"-like move). The present experiment
provides the opportunity to evaluate the per-
formance of subjects on this perceptual/rule-
based task component compared with perfor-
mance of experienced subjects on similar
chess-like tasks.

Method

Subjects. Eighteen students from the Uni-
versity of South Carolina participated in this
experiment in partial fulfillment of a course
requirement. All subjects were inexperienced
at chess (i.e., th..y could at most name the
chess pieces but did not know how the pieces
moved). All subjects reported English as their
native language, were right-handed, and had
vision corrected to 20/30 or better.

Procedure. On each trial the subjects' task
was to decide as quickly as possible which
character could legally move to "capture- a
target character. To capture the target, a
game piece (an uppercase letter) had to le-
gally move from the space it occupied to the
space occupied by the target. There was
always one character that could capture the
target on each trial. The subjects pushed a
button on the computer keyboard corre-
sponding to the capturing game piece to in-
dicate their decision. The trial sequence
began with presentation of the orientation
display. Thc orientation display consisted of
the game-piece letters and their associated
response buttons, the subject's average accu-
racy and average reaction time for the cur-
rent block of trials, and a message stating
"Press the space bar to begin." Subjects were
given cards showing how all of the characters
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could legally move; they could study these
rule car& for up to 30 seconds between each
trial. When the subject then pressed the
space bar, the probe display, consisting of six
uppercase letters plus a flashing T, was pre-
sented. The flashing T was the object to be
"captured." The letters were presented on a
game board that was 8.26 cm wide x 8.89 cm
high. The game board was made up of 64
boxes, eight across and eight down; each box
was 0.95 cm x 1.11 cm. One of the characters
was positioned so that it could legally move
from its box on the board to the space occu-
pied by the flashing T. As feedback to facili-
tate rule learning, an illustration of the ap-
propriate capturing character movir g from
its position to the position of the target fol-
lowed the subject's response. Following a
correct response by the subject, a pleasant
two-second tune was played. An error tone
sounded following an incorrect response.
Subjects were encouraged to respond as ac-
curately and as quickly as possible.

Consistent stimulus-to-rule mapping was
used throughout the experiment. This consis-
tency was maintained by always mapping a
given character onto a given movement rule.
For example, the letter Q was always used to
represent a "queen"-like movement rule for
the entire experiment. The remaining five
letters (see next section) were each consis-
tently mapped onto unique movement rules.

The subjects completed 864 trials in one
session that lasted about 1.5 hours. The trials
were grouped into blocks of 24 trials per
block. At the end of each block of trials the
subject was given an opportunity to rest; on
the average, subjects took about one break
every 30 minutes.

Stimuli. There were six movement rules.
The movement rules mimicked the following
chess pieces: pawn, bishop, king, queen,
knight, and rook. The characters used to rep-
resent the movement rules were the upper-
case letters corresponding to the first letter of
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each movement rule (for example, P for
pawn, K for king, etc.). A flashing uppercase T
(displayed in reverse video) was used as the
to-be-captured target letter. Subjects sat ap-
proximately 71 cm from the display; at that
viewing distance the game board measured
6.65 deg visual angle in width and 7.16 deg in
height.

Equipment. IBM PC/XT computers were
programmed to present the appropriate
stimuli, to collect responses, and to control
timing of the display presentation. Standard
IBM monochrome monitors were used to dis-
play the stimuli. Each computer was located
in an individual room that was monitored by
a laboratory staff member through a one-way
mirror.

Results

Correct trial reaction-time performance
(i.e., decision time) is plotted as a function of
amount of practice in Figure 1. Error trials
were excluded from the analysis. Each data
point in the figure represents a maximum of
72 trials per subject (1440 trials per point
across all subjects).

6000-

S 5030-
E

fr;

4000-

3030..

01-
1 1 1 1 1 1 I 1 I I
3 4 5 6 7 8 9 10 11 12

GROUPS OF BLOCKS

Figure 1. Reaction time w indicate correctly the cor-
rect capturing "game-piece." The data are plotted as
a function of practice (groups of blocks). Data from
Experiment 1.

February 1988-39

Clearly, subjects learned to perform the
task much more efficiently (faster and more
accurately) as a result of practice, F(11,198)
= 17.29, p < 0.0001. Initially subjects could
identify the capturing stimulus in just under
six seconds (5649 ms) with an average accu-
racy of 83%. In contrast, on the last group of
blocks the subjects' average decision time
dropped to just over three seconds (3117 ms)
and errors were substantially reduced (aver-
age accuracy of 96%).

To put these Experiment 1 decision times
into perspective, it is instructive to examine
the performance of novice, moderate-to-good
(USCF ratings of 1700 to 1999), and expert
(USCF ratings of 2000 or above) chess players
in a similar but real chessboard situation (see
Elo, 1978, for a discussion of the USCF rating
method). Saariluoma (1984) provides such
data; his novice subjects were able to identify
that a king was in check in about the same
amount of time that it initially took our sub-
jects. The subjects with a moderate level of
chess skill were remarkably similar to our
practiced subjects, with identification times
averaging just under three seconds. The ex-
pert chess players were capable of identifying
that a king was in check in about two sec-
onds. Thus the present subjects' performance
improvement was impressive; however, the
locus of the improvement remains to be iden-
tified.

EXPERIMENT 2A: EXTENDED
CONSISTENT STIMULUS-TO-RULE

PRACTICE

The next experiment examined the effects
of extensive consistent stimulus-to-rule
training on the information-processing com-
ponents of the perceptual/rule-based task. We
investigated the changes that occurred with
extended consistent stimulus-to-rule training
on a "threat"-detection task similar to the
task used in Experiment 1. In the present
task, however, the subjects responded in

9
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order to indicate whether or not a prespeci-
fied character could capture the target char-
acter. Given that the task is consistent at the
stimulus-to-rule level and at the rule-to-re-
sponse level, we predict that both the overall
reaction time and the comparison slope esti-
mate will substantially decrease with prac-
tice if rule-based learning has the same im-
provement characteristics as perceptual
learning (cf. Fisk and Schneider, 1983;
Schneider, 1985).

Method

Subjects. Six students from the University
of South Carolina were subjects in the exper-
iment. Each subject was paid $4 per one-hour
session for the first 10 sessions; thereafter
each subject received $5 per session for the
remainder of the experimeut. All subjects
were inexperienced at chess, had vision cor-
rected to 20/30 or better, and were right-
handed. English was the native language for
four of the six subjects; howcr.er, all subjects
were fluent in English.

Procedure. The subjects' task was to decide
as quickly as possible whether or not one of a
prespecified subset of characters could legally
move to "capture" a target character. On
each trial there could be from one to three
prespecified characters (i.e., memory-set size
of 1,2, or 3). The subjects pushed one button
on the computer keyboard if a memory-set
character could capture the target and
pushed a different button if no capture was
possible. A trial sequence would begin with
presentation of the orientation display. The
orientation display consisted of the memory
set (i.e., the characters to be examined as pos-
sible "captors"), the subject's average accu-
racy and average reaction time for thc cur-
rent block of trials, and a message stating
"Press D for demo." The subjects could mem-
orize the characters in the memory set and
push the D key to sec how the characters le-
gally moved. When the subject pressed thi
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demo button, the legal move of each charac-
ter of the current memory set was individu-
ally demonstrated. The legal moves could be
seen an unlimited number of times. When the
subject knew how the character(s) in his or
her memory set moved, he or she could press
the space bar and the probe display would be
presented. The probe display was con-
structed similar to its counterpart in Experi-
ment 1 and consisted of six letters in addition
to the flasing T. All memory-set items were
included in the display on the probe (simu-
lated chessboard) display. A positive trial
meant that one and only one of the memory-
set characters was positioned so that it could
legally move from its box on the board to the
space occupied by the flashing T. A negative
trial meant that no capture was possible on
this trial. After the subject's response on posi-
tve vials, the capturing character moved
from iti position to the position of the target.
Following a correct response a pleasant two-
second tone (selected randomly from a set of
short tones) was played. An error tone imme-
diately following an incorrect response.

Subjects were encouraged to respond as ac-
curately and as quickly as possible. For the
first two sessions the experimenter stressed
accuracy more than speed. Following the sec-
ond session the subjects were encouraged to
use the speed and accuracy information on
the orientation display to maximize their
speed without letting accuracy suffer.

Design. The independent variables, manip-
ulated within subjects, were memory-set size
and possibility (or not) of capture (positive or
negative trials). There were 24 trials making
up a block of trialsfour positive trials per
memory-set: size and four negative trials per
memory-set size. Order of trial presentation
was randomly permuted wi thin each block.

Subjects required between 15 and 20 ses-
sions to complete the required 6048 trials.
Each session consisted of 30 minutes of sub-
iect participation followed by a five-minute
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rest break; after the break subjects partici-
pated for another 20 minutes. At most two
sessions were completed per day.

Stimuli and equipment. The characters used
in the experiment were the uppercase letters
A through F. Assignment of letters to unique
movement rules was counterbalanced by a
partial Latin square. A flashing uppercase T
(displayed in reverse video) was used as the
to-be-captured target letter for all subjects.
As before, there were six movement rules,
which mimicked actual chess movement
rules. The "game board" (probe display) and
other equipment were the same as those used
in Experiment 1.

Results
The reaction-time data were collapsed for

analysis into 25 groups of blocks (240 trials
per subject per group of blocks). The first 48
trials were considered task orientation trials
and were eliminated from the analysis. The
data will be discussed from two broad per-
spectives. First, we will examine changes in
the effect of comparison load as a function of
practice. Second, decision times as a function
of memory-set size and trial type (positive or
negative) will 'ue addressed.

Comparison load. In traditional laboratory
visual search tasks a major difference be-
tween search for consistently mapped (CM)
versus variably mapped (VM) stimuli is the
observation that response time is an increas-
ing function of the number of comparisons to
be made if subjects are performing a VM
search, whereas search time is relatively in-
dependent of the number of comparisons in
CM search (Briggs and Johnsen, 1973;
Schneider and Shiffrin, 1977). The number of
comparisons to be madereferred to as
comparison loadis the product of the
number of items in the memory-set and the
test display size. The effect of comparison
load on reaction time in VM scarch (and the
lack of such an effect in CM search) has been
shown to be similar for digit, letter, word,
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and semantic category search (see Fisk and
Schneider, 1983; Schneider and Shiffrin,
1977). In this experiment the comparison
load for memory-set sizes 1, 2, and 3 would
be 6, 12, and 18, respectively, because the
display size was six (six potential compari-
sons to the flashing 7).

The estimate of the comparison slope for
positive and negative trials as a function of
practice is presented in Figure 2. Examina-
tion of the figure shows an improvement
function similar to word and semantic cate-
gory search (Fisk and Schneider, 1983). The
comparison slope decreased by 85% and 75%
from the first group of blocks to the last
group of blocks for positive and negative
trials, respectively. The comparison slope
significantly decreased as a function of prac-
tice for both positive trials, F(24,120) = 4.96,
p < 0.0001, and negative trials, F(24,120) =
8.68, p < 0.0001.

Decision time. Figure 3 shows the actual re-
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Figure 2. Average comparison slope estimates (in
ms) for positive trials (solid circles) and negative
trials (open circles). The data are shown as a function
of practice (groups of blocks). Data from Experi-
ment 2A.
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action-time data plotted as a function of
memory-set size both early (first group of
blocks) and late (last group of blocks) in
practice. The figure shows the dramatic over-
all reduction in reaction time as a result of
the consistent stimulus-to-rule practice. Also
at.larent from the figure is the flattening of
the comparison slope; that is, the interaction
between memory-set size and practice,
F(2,10) = 23.53, p < 0.0002. After practice
subjects could determine when a movement
rule was applicable independent of the mem-
ory-set size; however, if no movement rule
was applicable (negative trials), then reac-
tion times were affected by comparison
This latter observation is supported by an in-
spection of Figure 3 and by a significant in-
teraction between trial type (positive/nega-
tive) and memory-set size, F(2,10) = 11.07, p
< 0.003. The increase in reaction time as a
function of memory-set size for the negati-:e
trials probably reflects a rechecking process
adopted by the subjects. This effect of in-
creased latency for negative trials relative to
the positive trials is also seen across skill
levels when chess players are asked to scan a
chessboard for the presence or absence of a
king in check (Saariluoma, 1984). Impor-
tantly, Saari uoma did not find an interac-
tion among experience levels and positive/
negative trials. In the present experiment
there was a marginally significant interac-
tion between practice (early trials versus late
trials) and trial type, F(1 ,5) = 6.45, p =
0.0519. The Saariluoma results and the
present data suggest that our subjects would
have difficulty eliminating (cf. Schneider and
Fisk, 1983) this rechecking process even with
continued training.

Given the complexity of the task, ern r
rates were lower than might have been ex-
pected. After practice the positive-trial error
rates were 0.08, 0.11, and 0.11 for memory-
set sizes 1, 2, and 3, respectively. Negative-
trial error rates were 0.03, 0.05, and 0.02 for
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Figure 3. Reaction time plotted as a function of
memory-set size early in practice (solid lines) and late
in practice (dashed lines). Solid circles represent
average correct-trial reaction time when a capture
was possible (positive trials), and the open circles
show reaction time when no capture was possible
(negative trials). Note that memory-set sizes I , 2, and
3 correspond to a comparison lcad of 6, 12, and 18.
Data from Experiment 2A.

memory-set sizes 1, 2, and 3, respectively. An
ANOVA on the error rates revealed that none
of the main effects or interactions were sig-
nificant.

Overall, these results are similar to those
reported for many complex CM perceptual
learning tasks (e.g., Fisk and Schneider,
1983). One important aspect of extended CM
training not explicitly examined by the cur-
rent experiment is the reduction in the re-
source requirements associated with CM
training (Logan, 1979; Schneider and Fisk,
1982). The following experiment examines
the resource sensitivity of the now well-
learned task.

EXPERIMENT 2B: ASSESSMENT OF
RESOURCE COST

The next experiment examined the re-
source cost associated with assessment/selec-

1 2
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tion of appropriate movement rules. Previous
research has shown that after practice, CM
visual search is resource-insensitive. How-
ever. with VM practice performance remains
resource-sensitive (e.g., Ackerman, 1987; Fisk
and Schneider, 1983; Schneider and Fisk,
1982, 1984). The purpose of Experiment 2B
was to test whether consistent stimulus-to-
rule practice would reduce the subjects' sen-
sitivity to increased mental workload.

A dual task was used to assess the resource
sensitivity of the chess game task. The sub-
jects were required to perform a reverse-
order digit-span task concurrently with the
chess game task; they also performed single-
task versions of the digit and chess game
tasks. Subjects were instructed to maximize
their digit-task performance during dual-task
trials even if their capture performance in the
chess game task was degraded (see Schneider
and Fisk, 1982, for elaboration on the impor-
tance of this methodological consideration).

Method

Procedure. The same subjects who were
trained in Experiment 2A participated in this
dual-task assessment experiment. In this ex-
periment the subjects performed three differ-
ent tasks that were manipulated between
blocks of trials: (1) a single-task digit span;
(2) a single-task chess game; and (3) a com-
bined digit-span and chess game task.

In the digit-span conditions the subjects
were required to hold seven digits in memory
and enter them into the computer in the re-
verse order of their presentation at the end of
the trial. For example, if the digits were pre-
sented in the order 7369485, the correct input
woulrl be 5849637. Subjects were scored
based on the number of digits entered in the
correct reverse order up to the first incorrect
entry. For example, using the foregoing digit
sequence, an entry of 5819637 would receive
a score of two correct because the first error
occurred after the second digit. For single-
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task digit span the subjects would be shown
the seven digits (each presented one at a time
for one second each), be given a five-second
retention period (blank screen), and then be
shown the signal to enter the digits into the
computer. The dual task consisted of showing
subjects the digits, having them perform the
chess game task, and then having them enter
the digits into the computer. In both single
and dual tasks subjects were given unlimited
time to enter the digits and could "erase" a
digit during entry.

Except for the single-task chess game task,
the subjects' primary task was to remember
the digits in reverse order. During dual-task
trials only digit-recall accuracy feedback was
given to the subjects in order to emphasize
the importance of the digit task.

Design. The manipulation of interest was
the effect of memory load on chess game per-
formance as a function of memory-set size.
Subjects completed 90 blocks of trials (30
blocks per task) in 8 to 12 one-hour sessions.

Results

Single- and dual-task reaction times are
presented in Table 1. Error rates were equiv-
alent to those in Experiment 2A and did not
differ between single- and dual-task trials.
Subjects were able to maintain performance
in the digit-span task (6.7 average digit span
for single task, 6.65 for dual task) while per-
forming the movement decision task as well
as they could perform the two tasks individu-
ally. There was a slight increase in overall re-
action time in dual task; however, added
memory load (the digit task) had the same ef-
fect at all levels of memory-set size and for
positive and negative trials; this is shown by
the lack of an interaction between single/
dual-t-..,k trials and memory-set size, F(2,10)
= 1.14, p > 0.3, and by the nonsignificant in-
teraction between single/dual trials and trial
type (positive/negative), F(1,5) = 1.59, p >
0.26. The comparison slope estimates also
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TABLE 1

Reaction Time for Single- and Dual-Task
(Experiment 2B)

Trials

Positive Negative
Subject M1 M2 M3 M1 M2 M3

Single-Task Trials
1 690 880 1209 964 1214 2348
2 1266 1329 1479 1222 2401 2646
3 388 547 487 551 696 735
4 499 630 529 541 719 803
5 738 999 872 791 1133 1418
6 807 903 788 899 1240 1343

Average 731 881 894 828 1118 1548

Dual-Task Trials
1 643 1182 1026 1277 1727 3233
2 1473 1803 1830 1682 2186 2961
3 486 454 409 454 524 691
4 687 819 750 862 994 1145
5 793 1008 915 968 1278 1466
6 797 1015 906 946 1209 1248

Average 813 1046 973 1030 1319 1305

suggest the resource insensitivity of the rule-
based task. Single-task comparison slope es-
timates were 13.5 ms and 61 ms for positive
and negative trials, respectively; the dual-
task comparison slopes were not different:
13.1 and 63 ms for positive and negative
trials, respectively. These data support the
view that performance in the chess task with
the consistent stimulus-to-rule mapping is
dominated by automatic component pro-
cesses (see Logan, 1979, for a review of the
concurrent memory-load criteria of automa-
ticity.) The following experiments (3A and
3B) assess performance on rule-based tasks
predicted to be dominated by controlled pro-
cessing components.

EXPERIMENT 3A: INCONSISTENT
STIMULUS-TO-RULE MAPPING

Experiment 3A specifically addresses the
effect of inconsistency at the stimulus-to-rule
level on performance. The present experi-
ment was the same as Experiment 2A except
that the mapping among the external stimuli
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and the movement rules was inconsistent
across trials. Previous research has shown
that visual search performance does not im-
prove substantially with varied mapping
training (e.g., Fisk and Schneider, 1983;
Schneider and Shiffrin, 1977). We would pre-
dict similar results for the inconsistent rule-
based task if stimulus-to-rule consistency is
critical for task improvement.

Method

Subjects. Six students from the University
of South Carblina were recruited for partici-
pation in this experiment. Each subject was
paid $4 per session (about one hour) for the
first 10 sessions in which they participated
and $5 per session for the remaining sessions
of the experiment. All subjects were inexperi-
enced at chess. Two of the subjects withdrew
from the experiment after completing ap-
proximately half of the required trials and
were not replaced.

Design. The design of this experiment was
the same as in Experiment 2A except that the
relationship among the letters and the move-
ment rules was inconsistent. This inconsis-
tent stimulus-to-rule mapping forced sub-
jects to remap a given stimulus letter onto a
different movement rule on each trial. The
same six letters and movement rules that
were used in Experiments 2A and 2B were
used in the present experiment.

Subjects completed the 6048 trials in an
average of 30 sessions. As in the previous ex-
periments, each session consisted of subject
participation for 30 minutes followed by a
five-minute rest break; after the rest break
the subjects participated for another 20 min-
utes. Subjects completed at most two ses-
sions per day.

14

Results

The reaction-time data were collapsed into
25 groups of blocks (240 trials per subject per
group of blocks). The first 48 trials were con-
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sidered task orientation trials and eliminated
from the analysis. The comparison slopes,
presented as a function of practice for both
positive and negative trials, are shown in Fig-
ure 4. As was the case in Experiment 2A, the
average estimate of subjects' comparison
slope improved as a function of practice.
However, the improvement was considerably
less than seen in Experiment 2A. Only the
negative-trials slope estimate improved (sta-
tistically) with practice, F(24,72) = 3.68, p <
0.001. Positive-trial slope estimates did not
reliably decrease with practice, F(24,72) =
1.34, p = 0.174. Overall the improvement at-
tributed to practice was only 45%. On the
average subjects given the consistent stimu-
lus-to-rule training (in Experiment 2A) were
five times faster at determining the presence
or absence of a "threatening" situation (i.e., a
piece positioned ready to capture the target).

The actual reaction-time data, presented as
a function of memory-set size both early and
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Figure 4. Average comparison slope evimates (in
ms) for positive trials (solid circles) and negative
trials (open circles). The data are shown as a function
of practice (groups of blocks). Data from Experi-
ment 3A.
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late in practice, are presented in Figure 5. Ex-
amination of the figure leads to the conclu-
sion that although the subjects did improve,
the inconsistent stimulus-to-rule training did
not lead to n qualitatively different form of
inform -ition processing. Reaction times re-
mained linearly related to the number of
moves in the memory set. The comparison
slope estimates for performance late in prac-
tice suggested that both the positive- and the
negative-trial comparison process was serial
and self-terminating. (That is, the ratio of
negative to positive slopes was 2.35, which is
indicative of a serial, self-terminating com-
parison process.) Error rates were acceptable
(Reed, 1976); however, the present subjects'
performance was more nrone to error com-
pared with the subjects in Experiment 2A.
Early in practice error rates were 0.06, 0.08,
and 0.12 for positive-trial memory-set sizes 1.
2, and 3, respectively. Negative-trial error
rates were 0.06, 0.05, and 0.09 for memory-
set sizes 1, 2, and 3, respectively. Late in
practice the positive-trial error rates slightly
decreased to 0.04, 0.05, and 0.10 for memory-
set sizes 1, 2, and 3, respectively. Negative-
trial error rates increased as a function of
memory-set size, measuring 0.03, 0.07, and
0.11 for memory-set sizes 1, 2, and 3, respec-
tively.

When Figure 5 is compared with Figure 3,
the reaction-time data show how much
slower, overall, the subjects given inconsis-
tent stimulus-to-rule traini-ng performed
when compared with the consistent stimu-
lus-to-rule training group. After the first
group of training blocks the subjects receiv-
ing inconsistent stimulus-to-rule training
were 557 ms slower (averaged across mem-
ory-set sizes and positive and negative trials)
than the subjects receiving consistent stimu-
lus-to-rule training. This difference almost
doubled after practice. At that time the sub-
jects who received inconsistent stimulus-to-
rule training were 1051 ms slower than the
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Figure 5. Reaction time plotted as a function of
memory-set size early in practice (solid lines) and late
in practice (dashed lines). Solid circles represent
average correct-trial reaction time when a capture
was possible (positive trials), and the open circles
show reaction time when no capture was possible
(negative trials). Data from Experiment 3A.

subjects who received consistent stimulus-to-
rule training.

Data from the present experiment, when
compared with their appropriate counter-
parts from Experiment 2A, support the con-
clusion that performance characteristics are
a function of the type of rule-based training.
Consistent stimulus-to-rule training results
in performance that is both quantitatively
and qualitatively different from novice-level
performance. Inconsistent stimulus-to-rule
practice does not lead to qualitatively differ-
ent performance.

In addition, the subjective evidence also
suggests that the inconsistent rule-based task
was much more demanding than the consis-
tent rule-based task: the two subjects who
dropped out of the experiment commented
that the task was too demanding for them

HUMAN FACTORS

The subjects who completed the experiment
spoke freely of its difficulty, suggesting that
the task demanded most of their cognitive re-
sources. The next experiment was conducted
to examine the resource sensitivity of the in-
consistent stimulus-to-rule processing.

EXPERIMENT 3B:
DUAL-TASK ASSESSMENT

This experiment was the same as Experi-
ment 2B except that the stimulus-to-rule
mapping was inconsistent. Only two of the
four subjects were willing to participate in
the present experiment. Of the two who re-
fused to continue participating, one with-
drew from the experiment after two dual-
task sessions and the other withdrew
immediately following Experiment 3A.

Results

The individual data from the two subjects
who finished the experiment are presented in
Table 2. Both subjects' single-task digit spans
were equivalent to their dual-task digit
spans. The data presented in Table 2 provide
additional evidence that the inconsistent
stimulus-to-rule training did not lead to au-
tomatic component processing. For both of
the subjects the effect of added memory load
(the digit-span task) was interactive with

TABLE 2

Reaction Time for Single- and Dual-1 ...sk Trials
(Experiment 3B)

Positive Negative
Subject Ml M2 M3 MI M2 M3

Single-Task Trials
1 913 1284 1700 2074 3102 3042
3 1174 1684 2321 1315 2601 3326

Average 1043 1484 2010 1694 2851 3184

Dual-Task Trials
1 1065 1657 1891 2373 3061 3636
3 1381 1703 3309 1926 3549 5638

Average 1223 1680 2600 2149 3305 4637
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memory-set size; as memory-set size in-
creased, the effect of the added memory load
also increased. The effect of added memory
load was more pronounced for the negative
trials than for the positive trials. Digit span
did not differ between single- and dual-task
trials, being 6.6 (6.4 and 6.9 for each subject)
for single-task trials and 6.7 (6.5 and 6.9 for
each subject) for dual-task trials.

Both subjects were less accurate on dual-
task trials. For single-task trials error rates
were 0.00, 0.05, and 0.13 for positive-trial
memory-set sizes 1, 2, and 3, respectively.
Negative-trial error rates were 0.00, 0.07, and
0.07 for memory-set sizes 1, 2, and 3, respec-
tively. For dual-task trials the positive-trial
error rates were 0.00, 0.13, and 0.16 and the
negative-trial error rates were 0.00, 0.10, and
0.22 for memory-set sizes 1, 2, and 3, respec-
tively.

CONCLUSIONS

The experiments were conducted to ad-
dress the effects of intercomponent consis-
tency on skill acquisition in a class of tasks
requiring the learning and rapid application
of rules. The importance of "perceptual" pro-
cesses (e.g., chunking, perceiving relation-
ships, etc.) in problem solving has long been
understood (see, e.g., Chase and Simon, 1973;
Newell and Simon, 1972; Simon and Baren-
feld, 1969). However, empirical data have
been lacking that demonstrate similarities in
the development of perceptual and rule-de-
pendent processes. The present subjects' per-
formance was remarkably similar to perfor-
mance observed with perceptual learning
tasks in traditional visual search (Fisk and
Schneider, 1983; Schneider and Shiffrin,
1977). This similarity suggests that mecha-
nisms underlying perceptual learning (in vi-
sual search) and rule-based spatial learning
are similar. In the present experiments the
performance of subjects who were trained
such that consistent stimulus-to-rule associa-
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tions could be built up and strengthened with
practice was far superior to that of subjects
trained with inconsistent stimulus-to-rule re-
lationships. This superiority was even more
exaggerated in dual-task situations. Indeed,
performance appears limited by components
of tasks requiring controlled processing.

The present data also suggest that similar
detection mechanisms underlie the visual
search and memory activation for verbal
stimuli such as semantic categories and the
spatial movement rules. Previous results
(e.g., Ackerman, 1986; Fisk and Schneider,
1983) show that practice in VM semantic cat-
egory search leads to minimal performance
improvement and minimal reduction in the
comparison load effect, and that it results in
an information-scanning process that re-
mains extremely resource-sensitive. In strik-
ing contrast, CM semantic category search
practice greatly improved speed of per-
formance, substantially reduced the com-
parison load effect, and resulted in an
information-scanning process that was re-
source-insensitive. This similarity between
previous semantic category search data and
the present data is important because it
points to the validity of suggesting the rele-
vance of consistent mapping in the training
for patterns of information in complex tasks.
The recognition of patterns of information is
most ceetainly called for in order to perform
many decision-making tasks successfully.

The present data have implications for the
understanding and training of skilled prob-
lem-solving tasks. When playing a game of
skill such as chess or when making rapid de-
cisions in real-world situations, performance
is dependent upon a sequence of information
integration and the emergent choices. The in-
formation demands of such tasks can easily
overload the active, efhrtful decision-making
process. Indeed, many situations or tasks re-
quiring problem solving place sharp limits
on the cognitive processing capacity of the
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problem solver. In novel or changing prob-
lem environments added memory require-
ments (such as inconsistent or unfamiliar
rules) can easily overload the problem
solver's limited processing capacity (see
Kotovsky et al., 1985, for a review). When
training allows the development of automati-
zation of subcomponents of the problem-
solving activity, the chance of memory over-
load is reduced. The present data point to one
such trainable subcomponent clearly present
in most real-world problem-solving situa-
tions-the perceptual and rule-based compo-
nents.

Although more questions remain to be an-
swered, the present line of research should
increase our ability to develop effective and
efficient training programs for many real-
world tasks that demand rapid information
integration and decision making. The possi-
bilities are exciting.
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