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Video games as research tools:
The Space Fortress game

EMANUEL DONCHIN
University ofIUinois, Champaign, IUinois

From 1983 through 1986, several laboratories investigated the role of practice in skill acquisition
in a joint project called the Learning Strategies Program. The principal research tool for this pro
ject was a video game called Space Fortress. The present article summarizes the major findings ob
tained with Space Fortress, and examines several problems that arise in choosing a video game for
use as a research tool.

During the period 1983-1986 a number of laborato
ries, under the leadership of the Cognitive Psychophysi
ological Laboratory (CPL) at the University of Illinois,
investigated the role of practice in skill acquisition, in a
joint project we called the Learning Strategies Program.
Our principal research tool was a video game called
Space Fortress. The project and the game are described
in detail in a special issue of Acta Psychologica (Don
chin, Fabiani, & Sanders, 1989). In this paper I will ex
amine, from the perspective ofour experience with Space
Fortress, a number ofproblems that arise in the choice or
design of video games when they are to be used as tools
in the study of human information processing.

The Space Fortress Game
The game display is depicted in Figure 1. The design

was shaped by the technology of the early 1980s. The
display is, graphically, extremely plain. Simple stick fig
ures and characters appear on the screen. Some are under
computer control, while others are controlled by the sub
jects who are using a second-order joystick festooned
with buttons. The narrative of this game has the subject
in control ofa spaceship (represented on the screen by a
small arrowlike figure). The ship is charged with de
stroying a space fortress, represented by the forklike
object at the center of the screen. The fortress, in tum,
continually seeks to destroy the spaceship. To avoid de-
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struction, the ship needs to be in constant motion, even
as it aims and shoots at the fortress. It must hit the fortress
at least 10 times to make it vulnerable. Once vulnerable,
the fortress can be destroyed, but only if the operator
manages to double-click the trigger button and release
the missiles, meeting precise and demanding timing re
quirements.

This is not all. There are also mines that appear in ran
dom places and move in random directions. The mines
can be either friend or foe, depending on the mine indi
cator, a character that appears just above the fortress. The
mine indicator illustrates the approach we used for game
design. Whether the character labels the mine as friend
or foe depends on whether or not it belongs to a small set
of characters presented to the subject prior to playing a
specific block of the game, and the size of this memory
set can be varied; in other words, we embedded a Stern
berg memory search task in the game. We were thus able
to assess changes in the subject's memory capacity as the
game unfolded. This is just one instance of the way in
which we attempted to design the game so that we could
independently vary the demands placed on different as
pects of the subject's skills. The dimensions that could be
varied independently included the discriminability of
screen objects, the control ofthe joystick, memory load,
and resource management.

The game score is obtained by a complex algorithm,
known to the subject, that differentially rewards various
aspects of success (e.g., 4 points for a hit, 100 points for
a fortress destruction) and penalizes various failures
(e.g., 50 points are deducted if the ship is damaged; 100
points are deducted if the ship is destroyed). The game,
when first encountered, presents subjects with a formi
dable challenge. Beginning players' spaceships are usu
ally destroyed in a few seconds. By the time they have
played for 10 h, however, the subjects do very well indeed.

When we designed the project, we were first inclined
to adopt one of the many commercially available video
games. It did not seem reasonable to invest resources in
creating a new game when there is so much creative ac
tivity in the marketplace. It was, however, impossible to
use any of the then-available commercial games as re-
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Figure I. The display elements ofthe Space Fortress game. From
"The Space Fortress Game," by A. Mane and E. Donchin,1989,Acta
PsychologU:a, 71,p.IS, Figure 1. Copyright 1989 by Elsevier Science
Publishen. Reprinted by permission.

Video Games in Research
At the risk of suggesting that this symposium devoted

to video games is superfluous, I would assert that there is
actually nothing particularly special about the use of
video games. As far as I can tell, my colleagues and I
have always used games in our research. Almost all ofour
subjects, in virtually all of our studies, play some sort of
game while we are recording their brain waves and per
formance. Whether subjects have to track targets, iden
tify whether a tone is high or low, or report whether a dis
played character string is or is not a word, they are always
playing games. The label game can be applied whenever
subjects are assigned a task on which their performance
is somehow scored, and they compete for some reward
contingent on task performance. It does not matter
whether the competition is against other subjects or
against the computer. When we design any such game for
our studies, we routinely accept a range of caveats that
must be taken into consideration in the design of the
study. These include the following:

I. We must ensure that we monitor, and record, all
variables that might be relevant in describing the way in
which the subject executes the task. Designing a study in
which we plan to use reaction time as our dependent
variable does not absolve us from recording the subject's
accuracy, or from having data that would allow us to cap
ture the sequential dependencies in the study.

2. We must ensure that we monitor, and control for,
differences between individuals in their approach to the
task, as well as in their ability to execute and master the
task.

3. We must ensure that we are sensitive to what Sutton
(1969) has called "subject options." The nature of the ex
periment is rarely determined solely by the instructions
we give the subjects. More often than not, our instruc
tions leave much room for the subject to pick and choose
among interpretations and strategies.

4. We must ensure that the raw data are retained well
beyond the time of the original analysis.

Clearly, these caveats must be kept in mind when we
use video games. No matter how fancy or complex the
game, we must be sure that the way in which the game/
task is set up constrains the subject to view the task, and
to perform it, in accordance with the experimenter's
model of the task's role in the research. It is critical to en
sure that the subjects do not exercise their option to adopt
strategies that are in conflict with the investigator's model
ofthe task, and it is evident that one must retain as much
of the data as possible for reanalysis. The importance of
these caveats will be illustrated below by reference to

sion ofSpace Fortress that is virtually identical in its "look
and feel" to the version used in the learning strategies
program. The performance of subjects when playing the
CPL's PC version matches rather closely the performance
ofsubjects who played the Pearl-based version. The power
of the current generation ofPCs adds to the game by al
lowing psychophysiological signals, such as the EEG, to
be recorded while the subject is playing the game.
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search tools. A game is useful as a research tool if, and
only if, the investigator can exercise systematic control
over the game's parameters. Furthermore, unless the
game can yield very detailed measures of performance,
as well as capture the actual game for replay, the research
will be impoverished. In the early 1980s, none of the
vendors we contacted were willing to provide access to
the software controlling their game, and we were there
fore forced to develop our own game. The market for,
and the graphics capabilities of, computers have both
undergone major changes in the last decade. Vendors,
however, are still reluctant to share their source code
with their customers. It is easy to understand this atti
tude. It remains the case, though, that we must develop
our games from scratch if they are to sustain a research
enterprise that focuses on the study ofperformance.

The game was implemented in PEARL, a data acqui
sition and experimental control system developed by the
CPL (Heffley, Foote, Mui, & Donchin, 1985). PEARL is
based on digital equipment and PDP-lion a card, the
LSI-l1. For the purposes of this game, the LSI-II was
coupled with a powerful Hewlett-Packard display and
display driver, both now obsolete. The game has now
been ported to run under the MS-DOS system. The ini
tial port was done in Daniel Gopher's laboratory at the
Technion in Haifa, Israel. Gopher's version was designed
to meet the needs of his research on attention control
(Gopher, 1993). For the purposes of Gopher's program,
several of the elements of the original game were jetti
soned. The use of a game as a tool for research on skill
acquisition, however, requires many of the features dis
carded by Gopher. Particularly important was the fact
that the original game program measured and recorded,
for future analysis, more than 100 measures of the sub
ject's performance. In addition, we captured the game on
digital tape, so that games can be replayed and reana
lyzed. Brian Foote, at the CPL, has now created a PC ver-
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some aspects of the results that we obtained in the learn
ing strategies program. A brief background on the pro
gram is necessary, however, for an understanding of
these illustrations.

Planning for the program began in 1982 (Donchin,
1989); the project was executed between 1984 and 1986.
Much about the game was shaped, naturally, by the tech
nology of the early 1980s.

Learning Strategies Project
The project was designed to examine the degree to

which it is possible to improve skill acquisition by "su
pervising" the process of practice. A learning strategy
was defined as any attempt to structure the way in which
the subjects practice a task. Our purpose (see Donchin,
1989, for details) was to examine two hypotheses
namely, (1) that there are learning strategies that do, in
deed, in some circumstances, make practice more effi
cient; and (2) that these strategies can be implemented in
microprocessor-based simulation games.

The project was planned so that a large group of sub
jects was trained in the skillful control of the Space
Fortress game. Different groups of subjects experienced
different ways of structuring practice; that is, different
learning strategies were used with the different groups.
We could then compare each group's performance at the
end of the training period with the performance of the
control group, whose practice was not structured, and
thus examine the consequences of the different learning
strategies. We required, for this purpose, a game with the
following attributes: (1) Initially, it had to be very diffi
cult for the subjects, but with practice, the subjects
should show marked improvement in performance;
(2) improvement in performance should continue to
occur, albeit at a diminished rate, after many hours of
playing; (3) it had to be interesting enough to keep sub
jects motivated after many hours of playing; (4) diffi
culty had to be manipulable independently along differ
ent dimensions of skill; and (5) performance had to be
easily quantifiable.

Space Fortress met these requirements and was useful
despite its rather primitive facade-indeed, in designing
a game for research, the attributes enumerated above are
considerably more important than is graphic glitz or
verisimilitude. By present-day standards, if one consid
ers the realism of the games Doom and Myst as exam
ples of current capabilities, Space Fortress is painfully
simple. We would have been delighted if we could have
used a fancy color display with all the images in 3-D; the
realism might have kept subjects even more interested
than they appeared to be. Yet,we managed to run several
hundred people, for at least 10 h each, and they were
pleased to come back for more-indeed, subjects clam
ored to be in the experiment. In subsequent studies in
Illinois (Fabiani et aI., 1989), subjects played the game
for up to 40 h, and were still eager to continue playing.
The display's simplicity did not appear to compromise
either the cooperation of the subjects or the value of the
data. Recently, while porting the game to the PC, we en-

tertained the idea of adding graphic splendor to the new
version. The idea was rejected, however, because it
would have meant that we could not be sure that the
newly acquired data could be related to the old data base.

Seven different laboratories participated in the learn
ing strategies program.' The CPL at the University of
Illinois manufactured and assembled the game and dis
tributed the system to all participants. Thus, we all used
the same hardware and the same software. Furthermore,
we developed, as a group, a detailed agreement regard
ing all aspects of the research protocol. We all used the
same methods to recruit and screen the subjects. Thus,
the data obtained at any of the seven participating labo
ratories could be compared, and even exchanged, with
those of each of the other labs.

Our laboratory, the CPL, was in charge of running the
control group (the "Illinois control group"), which con
sisted of 40 subjects who played the game for 10 hourly
sessions, during which they were given no guidance in
the management of their practice. Each of the other labs
ran at least 10 control subjects in addition to their 30 or
40 experimental subjects. After this phase of the project
was over, we ran yet another group ofsubjects at the CPL.

This paper is not a systematic report on the project and
its conclusions. My intent is to examine several issues
that arise when one is using such an enormously com
plex research task. While Space Fortress is conceptually
very similar to other tasks we assign subjects, it is un
questionably more complex; this complexity presents
some challenges and some opportunities. I will comment
on the way in which the game is defined by the decisions
we made about the scoring methods. I will again em
phasize the issue of individual differences and subject
options in defining the strategy that is adopted. Finally,
I will note that given the complexity ofthe game, we have
to be sure we are not in the position of the proverbial
blind people describing the elephant; the point, ofcourse,
is that the blind observers were providing a very accurate
description of their observations. What they missed was
the ability to integrate the disparate descriptions.

Inferring ofOptimal Strategies
It is evident that performance on any complex game is

multifaceted, and that the subject can choose to empha
size different aspects of performance at different times.
Thus, for example, until the subject succeeds in control
ling the spaceship, there is not much that he or she can
do. The subject may, therefore, focus on learning to con
trol the ship with the joystick, ignoring other aspects of
the task. This means, ofcourse, that the subject's perfor
mance will be affected by the exact way in which we de
cide to score the game.

The two learning curves in Figure 2 display the aver
age progress made by the 40 subjects in the Illinois con
trol group. The curve on the left plots the development
of the "official" score-the score that combines multiple
rewards"andpenalties. This is the score that the subjects
were told to maximize. It is clear that the subjects' per
formance markedly improved with practice. A similar
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Figure 2. Two different learning curves describing the behavior ofthe Illinois control group.
The left panel plots the mean total game score per session. The right panel displays the number
offortresses destroyed per session. From "Unsupervised Practice: The Performance ofthe Con
trol Group;' by M. A. Foss, M. Fabiani, A. M. Mane, and E. Donchin, 1989,Acta Psychologica,
71, p. 26, Figure 1. Copyright 1989 by Elsevier Science Publishers. Reprinted by permission.
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Figure 3. Learning curves, based on the total final score for con
trol subjects who employed different strategies to navigate the space
ship. Some subjects succeeded in navigating the ship in slow circles
around the fortress, while others either had the ship move in straight
lines across the screen or circled rapidly around the fortress. Both of
the last two strategies were inferior to slow circling. From "Unsu
pervised Practice: The Performance of the Control Group," by
M. A. Foss, M. Fabiani, A. M. Mane, and E. Donchin, 1989, Acta
Psychologica, 71,p. 34, Figure 5. Copyright 1989 by Elsevier Science
Publishers. Reprinted by permission.

4000

Figure 3. The slowly curving trajectory is superior from
the very beginning, and maintainsthis superiority through
out. Frederiksen and White (1989) inferred the same op
timal strategy from protocol analyses of debriefings of
successful subjects. The subject has to circle slowly

improvement in performance is shown in the curve on
the right, which plots the number offortresses destroyed
per block of the game. The rate of progress, however, as
sumes a different shape in these two curves. The prog
ress of the final score decelerates with time, whereas the
number offortresses destroyed per session increases lin
early with time. The implications of this difference are
not relevant to the present discussion. The difference be
tween the two curves underlines the fact that the narra
tive we telI about the game does not necessarily capture,
for the subject, the essence of the game. The most im
portant determinant of the subject's approach to the
game is the nature of the scoring rules we specify. The
subjects, after all, are not realIy trying to destroy a space
fortress; what they are trying to do is to maximize their
score. Different scoring rules lead to different strategies
in playing the game, and these, in turn, may have a sub
stantial effect on the skilIs the subjects use as they play
the game. The power of the scoring rules is illustrated,
in the case of space fortress, by the fact that the scoring
rules generated an optimal strategy for the subjects.

It was quite obvious as we observed the subjects that
they adopted quite different strategies as they played.
The game, as defined for the subjects, implied an opti
mal strategy. The optimal strategy emerged clearly from
the analyses we made of the performance ofthe subjects
in the control group. It became evident from the analy
sis of the movement pattern of the spaceship that sub
jects adopt one ofthree modes of control. There are those
who give up any semblance of control and merely move
the ship in straight lines across the space. Other subjects
move the ship in circles, but the movements are rela
tively fast. Yeta third group of subjects move the ship in
slow, elegant curves.

The learning curves for the final score for the subjects
in these three movement-pattern groups are displayed in
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Figure 5. A comparison of two learning strategies, hierarchical
and integrated. both with each other and with the lllinois control
group. ~.m "The Training of Complex Task Performance;' by
M. Fabiani et al., 1989, Acta Psychologica, 71, p, 270, Figure 2.
Copyright 1989 by Elsevier Science Publishers. Reprinted by per
mission.

the game since the first 2 h, are performing at a much
higher level than the control group. The similarity be
tween the control groups is also remarkable. This, in
fact, was our experience with all but one of the control
groups. I will discuss that interesting exception below.

The training method adopted by Gopher, Weil, and
Siegel (1989) emphasized, instead, an integrative ap
proach to training. For sound theoretical reasons, the sub
jects were continually exposed to the full game through
out the 10 h ofpractice. To the extent that special training
in specific skills was provided, it was achieved by em
phasizing or de-emphasizing different aspects of the
~ame. The subjects who were trained with this integra
trve approach were also superior to the control subjects.
Indeed, one of the principal conclusions of the learning
strategies program (see Lintern, 1989, for relevant com
ments) was that conventional wisdom (ca. 1978) that one
can not improve on free practice is wrong. It would seem
that anything done to control practice improves skill ac
quisition.

Can we, however, compare the effectiveness ofseveral
techniques? For a variety of reasons, we could not enter
all the results into one analysis. However, we did run a
study at Illinois (Fabiani et aI., 1989) in which we di
rectly compared two groups, each trained with one ofthe
techniques. The results are shown in Figure 5, in which
are plotted learning curves for control, hierarchical and
integrated subjects. Clearly, measured in terms of their
final score, the subjects exposed to the part-task training
reached a higher level of performance than did subjects
trained by the interactive method. The advantage favor
ing the hierarchical group is retained as the subjects are
trained for an additional 20 h.

The story is, however, more complex. In a study done
in collaboration with Alan Baddeley and Bob Logie of
Cambridge (Logie, Baddeley, Mane, Donchin, & Shep
tak, 1989), the subjects who had had considerable train
ing with one of the two methods played the game con-
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around the fortress just ahead of the line offire and con
tinually aim and shoot at the fortress. It is evident (a) that
the game can take very different guises for different sub
jects; and (b) that one must take a very careful look at the
pattern ~~be.h~vior in the game. The freedom, flexibility,
a~d verisimilitude that one gains by using a complex
video game has costs that we forget, to our peril.

Comparison ofLearning Strategies
It is of interest to examine some ofthe data that assess

the effectiveness ofthe different learning strategies. Fred
eriksen and White (1989) chose to have subjects spend
their time training on part-tasks, all designed to provide
the subjects with the skills needed to execute the optimal
strategy; the display used in these tests was quite differ
ent from that used in Space Fortress. In one example, the
subject is presented with a two-segment path. The seg
ment in which the task begins is always vertical, and it
leads into a segment forming an angular path, the angle
varying from trial to trial. The subject must navigate the
ship out of the path. This requires the subject to make a
turn as the angular segment is approached. Successful
execution of this task requires the subject to master the
control of the ship, with proper attention to its second
order dynamics. This task is one of ten such games that
were presented by Frederiksen and White to their sub
jects during 8 of the 10 h that were available for practice.
Figure 4 displays three learning curves. One was ob
tained from Frederiksen and White's control subjects
(open circles); another represents the Illinois control
group (open squares); and another represents the data for
the experimental subjects who were trained on the part
tasks (solid circles). It is evident that the subjects who
practiced for 8 h on the part-tasks, with no exposure to

Figure 4. A comparison between the learning in two groups who
practiced with no supervision (open circles and open squares) and an
experimental group that spent most ofits training time playing part
task games (solid circles). The superiority ofthe experimental group,
once re-exposed to Space Fortress, is evident. From "An Approach to
Training Based Upon Principled Task Decomposition?' by J. R. Fred
eriksen and B. Y.White,1989,Acta~hologica, 71,p.121,Figure9.
Copyright 1989 by Elsevier Science Publishers. Reprinted by per
mission.
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Figure 6. A comparison of the total fmal scores for two control
groups--the Dlinois group and the Israeli group. From "Practice
Under Changing Priorities: An Approach to the Training of Com
plex Skills," by D. Gopher, M. WeD. and D. Siegel, 1989, Acto Psy
c1wlogica, 71, p. 167, Figure 5. Copyright 1989 by Elsevier Science
Publishers. Reprinted by permission.

currently with a battery of secondary tasks designed to
exercise different components of working memory. We
measured the degree to which different tasks decreased
the subjects' scores on Space Fortress. It turned out that
those subjects who were trained by the integrated method
were less susceptible to interference; the decrement in
their performance when a secondary task was imposed
was much less severe than was the decrement shown by
the other two groups. Yetall three groups performed the
secondary task equally well. So here, again, the conclu
sion as to the preferred strategy depends, as one would
expect, on what we are trying to optimize.

The Structure ofthe Subject's Performance
Figure 6 compares the learning curves for the Illinois

control group with the data.obtained from the Israeli con
trol group. The Israeli group's initial performance is at a
lower level, and although it improves at the same rate as
that of the Illinois controls does, the Israeli group per
forms at a consistently lower level than the Illinois sub
jects. The Israeli subjects are a bit older than the Illinois
students, but the age difference is too small to account
for this outcome. All of the subjects in the Israeli group
are students in an elite engineering school, and many
were in the military. What accounts for the difference in
performance level?

One obvious factor is the level ofexposure of the sub
jects to video games in general. Sandy Hart (personal com-

munication) has indeed shown that subjects who report
extensive arcade experience tend to be better at Space
Fortress. We have also found that as soon as word goes
out on campus that we are paying people for playing
video games, we begin to get experienced, and, therefore,
very successful subjects. Yetit is also interesting to deter
mine what it is about the game that gave the Israeli group
a hard time.

With the assistance of Mark Foss, we conducted a
three-mode factor analysis of the data (Foss, Fabiani,
Mane, & Donchin, 1989). According to the analysis, the
21 performance measures we examined could be re
duced to 6 combined measures, the total training time
could be represented as four distinct epochs, and our 40
subjects could be subsumed within no more than 6 sub
ject types. When we plotted learning curves for the 6 sub
ject types, we found that the different subject types var
ied in the manner in which their ability to hit the fortress
changed over time. More relevant to understanding the
performance of the Israeli control group is the plot ofthe
final score, against each ofthe four time components, for
each ofthe six subject types. It turns out that most of the
members of the Israeli control group were deficient
largely on measures sensitive to timing factors. They are,
in general and on average, slower than the participants in
every other lab. We see how crucial the acquisition of de
tailed measures ofperformance is during the game. Again,
the specific result is mentioned here as an illustration of
the importance of the availability of detailed data about
the subjects' performance.

Summary
In summary, then, it seems that successful use of

video games in research requires that the game be sys
tematically multidimensional. We must provide for very
detailed measures of the behavior. We must be sensitive
to individual differences, and we must be ready to re
create each game so that new analyses are possible.

Inevitably, there are problems. Whenever a game is
adopted, its development is constrained by existing tech
nology. One can be certain that within a relatively short
time, the technology will be obsolete. One must choose,
as we had to when we began the process of porting the
game to a new platform, between upgrading the game so
that it capitalizes on new technology and retaining the
previously used game. We have opted for maintaining
the look and feel of the old game, even though that deci
sion implied the continued use ofthe simple stick-figure
design. Our decision was driven by a desire to assure the
comparability of the data we obtain with the new game
with the existing data base. Note that while we kept the
archaic look and feel, we did make radical changes in the
underlying technology in ways that increased the power
of the game as a tool. The extension of data acquisition
to allow for the recording ofpsychophysiological signals
is a case in point.

We also need to admit that while it is easy to enumer
ate desiderata for an ideal game, we cannot base game
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development on analytic solutions that would yield opti
mally designed games. How do we know what is the best
scoring method to use? How do we know which variables
to measure? These and many other questions are an
swered by intuition and not by analysis.

Finally, let me note that as we adopt video games, we
create a situation in which data across laboratories are
not commensurate. Even within our tightly knit and cen
trally controlled community of learning strategies re
searchers, there were large differences between labs and
individuals. We were able to catch many of these differ
ences because we did share hardware, software, and pro
cedures. With so many different games around, such shar
ing is unlikely, and as a consequence, we may develop a
body of literature that will be difficult to interpret.
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