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A computer-automated laboratory for studying
complex perception-action skills

RALPH J. ROBERTS, JR., DUNCAN BROWN, SCOTT’ WTEBKE, and MARSHALL M. HAITH
University of Denver, Denver, Colorado

In this paper, we describe a computer-based laboratory for collecting and analyzing real-time
performance and eye-movement data by using video game-like tasks. These tasks assess skills
that require the integration of varying numbers of perception and action components. Customized
hardware and software are described for configuring tasks, collecting data, reconstructing per-
formance, and organizing, editing, and reducing data. General design considerations are empha-
sized for solving several of the problems encountered in constructing a real-time data collection
system. The paper concludes with examples of data that illustrate the system’s usefulness for
studying complex perception-action skills.

In this paper, we describe a computer-based laboratory
for collecting and analyzing real-time performance data
as well as synchronized eye-tracking data using video
game-like tasks. Customized hardware and software are
described for designing experimental tasks, collecting
data, reconstructing performance, and organizing, edit-
ing, and reducing data. The general capacities of the sys-
tem are presented, as are the strategiesdeveloped for solv-
ing several of the problems that the researcher must face
when building a real-time data-collectionlanalysis system.
Although the specifics of the system should be of par-
ticular interest to researchers interested in perception—
action skills, the general approach to data collection, or-
ganization, and analysis should be informative for a va-
riety of researchers interested more generally in real-time
data collection.1

The paper begins with a brief review of some existing
technologies used to study perception-action skills, in
which we show how the present system builds on previ-
ous approaches but differs from them in several impor-
tant ways. Three sections then follow. An overview of
the laboratory is presented first, along with a description
of the types of tasks employed, the general capabilities
of the system, and a hypothetical experimental session.
In the next two sections, the hardware and software are
described in greater detail. We emphasize the strategies
used to make the system as powerful and flexible as pos-
sible, given the limits of money and time. We conclude
by presenting sample data to illustrate the system’s use-
fulness for studying complex perception-action skills.
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BACKGROUND

For at least a century, the attempt to understand how
people learn and carry out complex perception-action
skills has presented a daunting challenge for scientists in-
terested in human behavior. Such skills are thought to in-
volve an on-line strategic integration of several compo-
nents of action and perception (see, e.g., Arbib, 1980;
Hofsten, 1985; Turvey & Carello, 1988). Examples in-
clude the operation of a vehicle, performance on a musi-
cal instrument, and the playing of a sport. One problem
in studying such skills is the difficulty of collecting data
that capture the natural complexity of performance but
that are also amenable to later analysis.

Early studies of the real-time dynamics of skilled ac-
tion were conducted by Bryan and Hailer (1899) on
telegraphers and by Book (1908) on typists. These
researchers used paper-and-ink event recorders to docu-
ment the sequence and timing of keypresses. Although
they were clearly ahead of their time in developing
methods for real-time data collection, conceptual and tech-
nological limitations made it difficult for them to take ad-
vantage of the data. Unfortunately, subsequent research
on skilled action was focused almost exclusively on greatly
simplified tasks, such as pointing or pursuit-rotor tasks.
These tasks were often chosenbecause performance could
be measured easily and because the principles governing
performance could be understood in terms of the be-
havioristic theories of the day.

With the “cognitive revolution” of the 1960s and
1970s, interest in more complex skills increased. In fact,
in some of the earliest arguments against the adequacy
of behavioristic learning principles, typing and piano play-
ing were used as examples of behavior whose sequential
properties were difficult to explain without one’s posit-
ing “unseen” cognitive entities (Lashley, 1951). During
the past 2 decades, researchers have examined the real-
time dynamics of several complex perception-action
skills, including typing (e.g., Cooper, 1983), computer
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use (e.g., Card, Moran, & Newell, 1983), and piano play-
ing (e.g., Schaffer, 1981). These researchers have used
computers, photography, and video recording, as well as
combinations of these technologies, to capture per-
formance.

The availability of microcomputers provides new op-
portunities for studying skill. Computers can digitize,
store, and process largeamounts of data relativelyquickly
and inexpensively, and thus they have been used forex-
amining skills such as typing and piano playing. Com-
puter-video hybrid systems have beendeveloped to record
and analyze limb movements (e.g., trajectories and ac-
celeration) in two- and three-dimensional space (e.g., the
WATSMART system). These systems are used by sport
scientists interested in the biomechanics of skilled per-
formance (Winter, 1979) and by psychologists interested
in reaching, catching, posture control, and locomotion
(e.g., Benson, 1990; Hofsten & Ronnqvist, 1988).

The systemdescribed here is also a computer-video sys-
tem designed for studying complex perception-action
skill, but it differs from other existing systems in several
respects. First, most current systems are best suited for
skills whose specific sequence of actions is fairly well
prescribed, such as typing from a text, reading music from
a score, or performing a specific gymnastic move. In the
present case, we sought to develop a task context inwhich
the sequencing and timing of action would be more im-
provisational, requiring the person to adapt to changing
and somewhat unpredictable events, such as the driving
of a car or the playing of tennis. Second, most current
systems for studying perception-action skills have been
designed for the study of either perception or action ex-
clusively, and they rarely permit one to examine both
simultaneously. The present system was designed so that
the perceptual input could be varied and somewhat un-
predictable while both perceptual processing (via eye
movements) and skilled action were being evaluated. Our
goal here is not to suggest that researchers should duplicate
the specific systemwe have built. Rather, we hope topro-
vide an example of one approach to building such a system
and a general guide to the issues involved in developing
a research platform for studying complex perception-
action skills.

OVERVIEW OF THE LABORATORY SETUP

Tasks
We wanted to develop tasks in which skilled action

could be complex and somewhat improvisational so that
expert-level performance would take considerable time
to develop and would involve the orchestration or integra-
tion of several components of action and perception. Suc-
cessful action should not be scripted, but should require
on-line decisions concerning the sequence and timing of
actions. Such decisions should be based on the percep-
tual information available from a changing task environ-
ment. In addition, the task should be amenable to collect-
ing data on eye movements, on the relevant actions of the
performer, and on the changing features of the task.

The tasks that we developed to fit these criteria are
based on the video game concept. Specific types of video
games provide a potentially ideal context for studying per-
ception-action skills (cf. Donchin, 1989). Expertise at
video games can often only be acquired with consider-
able practice, and it requires the orchestration of several
components of action and perception. Video games
present simulated dynamic environments in which players
control the actions of one or more objects. While a high
degree of precision in the timing and sequencing of ac-
tion is usually necessary, actions cannotbe scripted, since
the task environment is not entirely predictable.

System Features
The laboratory contains several features that we thought

were critical for making the video game a viable research
context. We describe the most important features here;
their implementation will be described in later sections.
The first feature is action realism. It is important that the
video display havehigh spatial resolution and that the pro-
cessing responsible for updating the display be relatively
fast. Both are important for giving the playera sense that
his or her actions have immediate consequences, as well
as for providing the player with a degree of control that
is commensurate with the player’s actions. Displays with
spatial resolutions that are toocoarse or too slow produce
a feeling of disconnectedness between the player’s actions
and the simulated objects controlled by those actions.

A second feature is task malleability. Commercially
available video games are obviously not designed for
experimental purposes, and without modification, they
have limited usefulness as research tasks. The primary
problem concerns the lack of experimental control over
parameters of the game’s functioning. A researcher must
be able to change various aspects of the task, although
it is cumbersome to rewrite program code every time a
change is desired. Thus, we built the system so that the
experimenter could design a variety of experimental tasks
relatively easily without being required to do any new
programming.

The third system feature is data resolution. Whenever
a researcher collects data from an on-going process, de-
cisions must be madeabout how frequently to sample data
and what information to sample. Increases in sampling
rate and informational detail usually afford better preci-
sion and veridicality but at the cost of increasing data
storage and postcollection data processing. Making intel-
ligent decisions about grain level requires consideration
of the purpose of the research, the available technologi-
cal tools, and the relative costs and benefits of alterna-
tive possibilities. For studying the real-time dynamics of
skilled action, fine-grained detail in both time and per-
formance is desirable for a precise representation of the
timing and sequencing of action.

Closely related to degree of data resolution is the fourth
feature, performance replay. There are innumerable vari-
ables one can examine that describe different aspects
of complex, real-time, skilled activity. Although the re-
searcher often knows a priori many of the variables that
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are most relevant to specific questions, exploratory anal-
yses are often required to find the variable or pattern of
variables that best represents aspects of the skill of in-
terest. The ability to “reconstruct” performance as it oc-
curred, or in slow motion, can significantly aid the
researcher’s efforts at understanding performance, espe-
cially with respect to skills that have not been studied ex-
tensively in the past. We designed the system with this
capability.

A Hypothetical Experimental Session
The following scenario should help convey a general

picture of our laboratory system and some of its capa-
bilities.

After a study is designed, an experimenter runs several
computer programs that configure the experimental tasks.
These programs present menus that permit the specifica-
tion of numerous task parameters and testing procedures,
such as trial duration and the content of between-trial feed-
back. This information is stored in several configuration
files.

Before testing, the experimenter adjusts a headrest for
steadying the subject’s head for recording eye position
(see Figure 1). During testing, the subject and ex-
perimenter sit at different consoles. Task presentation and
data collection are controlled from the experimenter’s con-

sole. The first task calibrates the eye-tracking system by
presenting a matrix of dots at known locations on an other-
wise blank screen. Using a corneal reflection system (see
below), a computer collects 30 samples (at 60 Hz) of the
left eye’s position while the subject fixates each dot.

Before a subject performs a given task, the experimenter
runs two programs. The first program sets up the task
on the subject’s console, using the appropriate configu-
ration information. A second program controls data col-
lection. This program prompts the experimenter for in-
formation on the subject and session (e.g., subject
number, date, condition, age). The program then starts
data collection when the subject begins the task and tem-
porarily halts collection during between-trial intervals.
Three types of data are collected at a rate of 60 Hz: (I) the
positions and identity of all objects on the task screen;
(2) the status of the player’s control buttons; and (3) eye-
position data that specify the direction of gaze of the sub-
ject’s left eye. These data are stored in separate files with
identifying file-name extensions that specify the type of
data collected.

The subject performs three tasks, which are designed
to assess how performers at different levels of expertise
strategically orchestrate several components of action and
perception. These skills include the selection of targets
in a cluttered visual array, the judgment of intercepttimes

Figure 1. A schematic diagram of the data-collection/replay system. The cutaway of
the video-game booth shows a subject viewing a reflection of the task monitor on a half-
silvered screen. Task software is downloaded from the Apple 11+ computer to the video-
game RAM. A head- and chinrest steadies the subject’s head. Behind the one-way mir-
ror, an infrared-sensitive video camera focuses on the subject’s left eye. A near-infrared
light, also behind the mirror, illuminates the eye. The video signal from the camera is
fed to an automatic eye tracker that outputs digital x,y locations of the centers of the
pupil and corneal reflection of the infrared light to an 80286 PC. The eye tracker also
outputs an image of the eye to a video monitor with superimposed cross-hairs showing
the calculated position of the centers of the pupil and corneal reflection. The 80286 PC
is connected to the video-game RAM and can either collect performance data duringtesting
or, later, feed collected data back through the video game to replay performance.
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and positions between moving objects, and the control of
the actions of a simulated vehicle. The three tasks vary
in the number and type of component skills assessed.

The Fullgame task consists of 10 30-sec trials. The sub-
ject controls a triangular “ship” by pressing two buttons
that rotate the ship around its center axis (clockwise or
counterclockwise), a “thrust” button that moves the ship
in the direction in which it is pointing, and a “fire” but-
ton that releases shots that move across the screen (see
Figure 2). Also displayed on the screen are 3—16 obsta-
cles (“asteroids”) that move across the screen in differ-
ent straight-line trajectories and at different velocities. The
objects “wrap around” to the opposite side when they
reach an edge. The subject’s task is to maneuver the ship
so that the asteroids do not collide with the ship and to
shoot as many asteroids as possible. The subject performs
10 trials, each lasting 30 sec. No two trials are identical,
since the starting trajectories and velocities are determined
randomly (within a range of values).

This task requires that the subject coordinate several
components of perception and action, such as turning and
thrusting movements, target selection, and intercept
timing.

Next, the subject performs 128 trials of the Intercep-
tion Component task. This task assesses a component skill
used in the previous task (target interception) in a more
constrained experimental setting. The ship faces straight
up and cannot be rotated or moved (see Figure 2). Dur-
ing a trial, a single target comes from either the right or
the left side of the top half of the screen and traverses
the length of the screen at a constant speed. The subject’s
task is to time the release of one shot (via a buttonpress)
to intercept the target. Across trials, the targets vary in
size, speed, and distance from the ship. Performance and
eye-movement data are collected as in the first task.

Finally, the Intercept Detection task assesses the sub-
ject’s ability to use peripheral vision to select targets in

Fullgame Task

visual scenes with varying amounts of “clutter.” For each
of 64 trials, the subject first fixates a bright spot at the
center of an otherwise blank screen. After an auditory
warning, several objects (similar to the asteroids) move
across the screen from different positions, at different
speedsand on different trajectories. The subject’s task is
to find the object, as quickly as possible, that would most
likely intercept the center spot. Finding the object means
looking directly at it. The trials vary in the number of
objects displayed and in the trajectories and velocities of
the objects. For this task, the computer only collects eye-
movement and object-position data.

SYSTEM HARDWARE

System Components
We constructed the laboratory with the following com-

ponents: an 8-MHz80286 PC, an Apple 11+ microcom-
puter, an ISCAN corneal reflection eye tracker, a modi-
fied arcade-style video game (Asteroids, by Atari), and
several custom-built circuit boards and cables. The
80286 PC contains 4.5 MB of RAM, an EGA graphics
monitor, and a 40-MB harddrive. The Apple II+ has 64K
of RAM and two floppy-disk drives. The video game uses
a 6502 processor, a graphics coprocessor, system ROM
and RAM totaling 12K, a 19-in. x,y vector monochrome
monitor with 1,024 (horizontal) x 768 pixel (vertical)
resolution, and four buttons for player input.

We used a commercial arcade-style video game for
several reasons. First, these games have been designed
for high-speed interactive graphics processing. The
Asteroids hardware uses a fast graphics coprocessor to
draw on an x,y vector graphics monitor, freeing the main
game processor from this task. The combination of an x,y
monitor and a special-purpose graphics coprocessor
results in very fast high-resolution graphics processing.
In addition, the main game processor is optimized for

Interception Component Task

00 0
Thrust Shoot Shoot

00
Left Right
Turn Turn

Figure 2. A representation ofthe screen displays for the Fullgame task and the Com-
ponent Interception task. The dotted lines are not displayed on the screenbut are shown
here to represent the motions of the objects. The circles at the bottom of the figure
show the relative positions of the buttons that the subject uses for each task.

0

0
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assembly-language video-game software, without the
overhead of a general operating system (such as
MS-DOS).

Another reason for using this equipment was cost. Since
arcade-style video games were very popular several years
ago but are currently much less so, used hardware is abun-
dant and inexpensive. For example, a used Asteroids game
sells for $50—$150 (anew 19-in. x,y vector monitor alone
can cost several thousand dollars). We also felt comfort-
able using this equipment, since one of us had consider-
able expertise in the design and operation of arcade-style
video games.

Task Setup and Performance Data Collection
We significantly modified the Asteroids game to make

it suitable for experimental purposes (see Figure 1). It was
important that the video-game hardware accept custom
software and that it be possible to collect a complete data
record of performance for later numerical analysis and
visual “replay.”

To accomplish the first objective, we replaced the ROM
containing the assembly-language game program with
RAM. This RAM is made accessible to an Apple 11+
computer via a custom-built circuit board in the Apple,
which is interfaced to a test connector on the Asteroids
motherboard via a 50-conductor cable. The test connec-
tor allows access to all memory addresses in the video
game and can temporarily electrically isolate the video
game’s 6502 processor. Thus the Apple II+ can write in-
formation directly to the video-game RAM. Task soft-
ware is stored on floppy disks on the Apple 11+ and is
downloadedas needed to the video game (via a small util-
ity program). We used the Apple II+ because it employs
the same processor as does the video game (6502), which
allows for straightforward assembly-languageprogram de-
velopment.

The second modification permits data collection and
replay. In the video-game memory, there is an area
devoted to keeping track of the positions and identities
of all objects displayed on the screen and the status of
each button (pressed or not pressed). This information is
updated 60 times a second. A “frame” of data therefore
represents a complete snapshot of the state of the task and
a subject’s actions for one 60th of a second. To collect
these data frames on line, we added a second set of
memory chips whose contents are updated simultaneously
with the original area of memory. This second “shadow”
RAM (1,024 bytes) can be accessed (read or written to)
by the 80286 PC via a 34-conductor cable connected to
a 16-bit parallel circuit board in the PC.

Since the video-game processor and the 80286 PC both
haveaccess to the same memory area, certain procedures
are used to avoid contention in reading or writing to this
area. The following procedure is used when a subject per-
forms a task and the PC collects data: Every 60th of a
second, access to the just-described memory area is
blocked while the graphics processor updates the vector
display and the game processor carries out some other

calculations. At the beginning of this period, the task soft-
ware signals the PC (using a hardware handshaking sig-
nal) to read the current frame of data. The PC then elec-
trically isolates the RAM from the video game via a
tn-state buffer that makes the memory available only to
the PC. The PC then reads the relevant data (30-130
bytes, depending on the task), 16 bits at a time. When
finished, the PC returns control of the memory to the
video-game processor. This entire process occurs quickly
enough so as not to interfere with the game processor’s
updating of the memory buffer. The PC stores the data
on line in a RAM disk, since storing the data on a mag-
netic disk slows the process to a degree that interferes with
the game processor’s update cycle.

The collected data frame represents a complete descrip-
tion of the game state and the subject’s game actions
(buttonpresses) each 60thof a second. Such data records
can be large; 2 mm of performance occupy from 350,000
bytes to 1 MB, depending on the task. The data are ar-
chived eventually on an optical laser disk, which holds
240 MB per disk.

Eye-Movement Data Collection
In addition to collecting performance data, the system

also collects synchronized eye-movement data. As can be
seen in Figure 1, the subject performing a task sits fac-
ing the video-game cabinet with his or her head steadied
by a chin- and forehead rest. The subject views a half-
silvered mirror tilted 600 from horizontal. The center of
the mirror is 38 cm from the subject’s eyes. The game
monitor is positioned under the mirror and angled 20°
from the horizontal. With this arrangement, the monitor
appears to be directly in front of the subject’s face at a
distance of 66 cm. At this distance, 1 cm on the game
monitor equals 0.870 of visual angle. Behind the mirror
and invisible to the subject is a Panasonic CCTV infrared-
sensitive video camera (Model WV-CD2O with a 75-mm
lens) and a near-infrared light, bothaimed at the subject’s
left eye. The near-infrared light results from a collimated
light source fitted with optical filters (Corning 7-69 and
Kodak Wratten 87c) to reduce heat and visibility.

The video output from the camera is fed into an ISCAN
pupil/corneal reflection eye tracker (Model RK-426) ~2

This device processes the video signal to find the loca-
tions of the center of the pupil and the center of the cor-
neal reflection of the infrared light. (The difference be-
tween these two positions is used to calculate where the
subject is looking; see the Software section below.) These
positions are located on a 256 (vertical) x 512 (horizon-
tal) pixel grid and are made available to a digital output
port on the ISCAN tracker. The 80286 PC reads these
data, 60 times a second, via two 8-bit parallel boards. The
eye-movement data are collected synchronously with the
performance data (see the Software section).

Performance and Eye-Movement Replay
Wedesigned the interface between the PC and the video

game to allow collected data to be fed back to the video
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game to replay performance. This process reverses the
method for collecting data: The PC now writes each frame
of data to the shadow RAM, and the video-game software
reads and displays the data. The user can specify the speed
of replay, from fast motion to single frame. At 60 frames
per second, the replay is identical to the original perfor-
mance, since all the information originallypresent is dis-
played at the original presentation rate.

The system also permits one to replay a performance
with a superimposed cross-hair representing the person’s
changing visual regard. After eye-movement data have
been collected, they are processed by software that trans-
forms the data into the same coordinate space as that of
the objects in the video-game tasks. Once transformed,
the eye-movement data are fed through the video game
with the performance data, and a cross-hair is displayed
in the appropriate x,y position for each frame ofdata. This
arrangementgives the researcher a unique opportunity to
examinethe coordination of eye movements with on-going
action.

SYSTEM SOFTWARE

Overview
There were three important concerns that guided soft-

ware development for this system: maintainability, flexi-
bility, and manageability. Maintainability refers to the
relative ease of modifying and extending the software
across time and across programmers. Writing the soft-
ware in structured, well-documented modules is critical
in this regard. Most of the software for collecting and
managing the data was written in Pascal; most program-
mers know this language, it encourages structured
programming, and even novice programmers can make
minor modifications.

Flexibility in the use of the software was another con-
cern. It was important that the programs be usable for
a variety of studies, ones not necessarily envisioned when
the programs were developed. The goal was to “build
the future” into the software’s capabilities by minimiz-
ing the need for writing a new program for each new ap-
plication. Although it is impossible to anticipate all pos-
sible future needs, we designed the software to maximize
the user’s ability to customize the operations of the pro-
grams. Thus, many of the programs behave differently,
depending on how the user configures their operations.

A final concern was manageability, which refers to the
problem of keeping track of the many output files created
in this sort of system. In some studies, over 35 files are
associated with a single testing session. To help manage
this information, we developed strict conventions for how
files are named. An eight-letter prefix uniquely identifies
the study, the experimental condition, and the subject. The
three-letter filename extension uniquely identifies the kind
of information that is containedin the file. Thus programs
that process data and create output data files “know” what
kind of file extension should be used as input and auto-
matically create the appropriate names for the output files.
In addition, each original data file collected during per-

formance has an associated “header” file (with the same
prefix and an .HDR extension) that contains user-specified
information on the file, subject, task, and session. Ex-
perimenters also keep written records of much of this in-
formation. We have found that redundancy of informa-
tion is critical for recovering from user error and from
lost information.

There are four categories of software: (1) task and ses-
sion design; (2) calibration and data collection; (3) data
editing, transformation, and replay; and (4) computing
variables. Figure 3 presents a flowchart of the input-
output relations among the various programs.

Figure 3. A flowchart of the input-output relations of the system
software. See the text for a more detailed description of each
program.
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Task and Session Design
Experimental tasks are configured on the Apple 11+.

For each type of task, a program called setup allows the
user to set the values of several parameters that configure
the task. Table 1 contains the modifiable parameters for
the Fuilgame task described above. Theseparameters are
stored in a configuration file that is used to set the rele-
vant values in the assembly-language task program that
is downloaded to the video game. In addition, before the
task is downloaded, the user can configure parameters of
the design for a specific testing session (e.g., trial order-
ing and number of blocks of trials presented).

Four tasks developed thus far can be individually con-
figured. The ability to customize the software allows these
tasks to be used in a variety of ways without requiring
a rewrite of the assembly-language code.

Calibration and Data Collection
Programs for eye-movement calibration and data col-

lection run on the 80286 PC. The calibration program,
calbcapt, instructs the video game to display a small dot
at nine different locations on the video-game monitor (a
3 x 3 grid extending to the boundaries of the screen).
When the subject looks at the current location of the dot,
the experimenter signals the PC to collect 30 frames of
visual fixation data (x,y locations of the center of the pupil
and the center of the corneal reflection of the infrared
light) from the eye tracker. The PC immediately displays
the mean and range of those data on the experimenter’s
monitor, so that the integrity of the data can be evalu-
ated. If the data have toowide a spread, for example, there
is too much noise in the system, and the experimenter
might readjust the lighting or the threshold settings on the
ISCAN eye tracker. Calibration data can then be re-
collected. After calibration, the data for each of the nine
locations are stored in a file with a .CAL extension.

Before a subject begins a task, the experimenter runs
a data-capture program (datacapt) on the 80286 PC that

Table 1
Modifiable Parameters for the Fullgame Task

Control Parameters
Ship rotation speed
Shot speed
Shot rate
Thrust force
Button function mapping

Environmental Parameters
Degree of thrusting “drag”
Number and sizes of asteroids at start of trial
Trajectories of asteroids (user-specifiable or random)
Speeds of asteroids
Autoreplacement of “hit” asteroids option
“Break-up” rules for hit asteroids
Presence or absence of “enemy saucers”

Experimental Parameters
Number of trials
Trial length
Type of between-trial feedback (score, no. of hits, no feedback)
Ordering of trials

first prompts the experimenter to enter information about
the subject and the session, which is stored in the header
file. Once the subject pushes the button to start the first
trial, the data-capture program collects performance data
from the video game in synchrony with visual data from
the eyetracker at a rate of 60 Hz. The timing of the data
collection is driven by a 4. 17-msec nonmaskable inter-
rupt used for timing the video refresh rate on the video-
game monitor. During data collection, the program first
reads a frame of data from the video game and then reads
the data from the eyetracker. This scheme guarantees data
synchronization within one frame.3 Data collection auto-
matically halts during between-trial intervals, and the be-
ginning and ending frame numbers for each trial are stored
in the header file. Performance data are stored in a .DAT
file, and the eye-movement data are stored in an .ISC file.

Data Editing, Transformation, and Replay
Data editing. Each frame of data from the video-game

tasks contains the x,y locations and identities of the ob-
jects displayed on the screen (e.g., the ship, asteroids, and
shots)and the status ofeach of the buttons. This informa-
tion is represented in hexadecimal format, since that is the
numbering systemused in the assembly-language task pro-
grams. A frame viewer/editor program (frame_ed) al-
lows a user to display each frame in decimal format and
permits the creation of new data files by “cutting and past-
ing” together old ones.

Data transformation. Each frame of data collected
from the eye tracker contains the x,y coordinates of the
positions of the centers of the pupil and the infrared cor-
neal reflection. Subtracting one of these two positions
from the other yields a single set of x,y coordinates that
are monotonically related to the person’s true eye posi-
tion. There are three problems with these data in terms
of determining where the person is looking (foveating)
on the task monitor (see Sheena & Borah, 1981, for a
more complete discussion ofthe issues involved in trans-
forming eye-movement data). First, the “raw” data must
be mapped onto the task monitor coordinate space. Sec-
ond, a small amount of “crosstalk” from one axis can
affect the measurements on the other axis. Finally, non-
linearities exist in the raw data, especially when the per-
son is looking in corner locations. These nonlinearities
are caused by the curved shape of the eyeball and in-
dividual variations ineyeball shape. Two programs trans-
form the raw data to correct for these distortions.

The first program, cofsolve, uses the calibration data
to determine the values of 18 coefficients (cf. Sheena &
Borah, 1981). The programfirst finds the meanx,y “raw”
eye-movement fixation points for each ofthe rune calibra-
tion points. The data from the five axial locations (i.e.,
excluding the four corner points) are then used to solve
for the coefficients a, b, c, d, and e in the following
equation:

APh = a+bX+cX2+dY+er, (1)

where APi, is the actual horizontal position of the calibra-
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tion dot, X is the raw horizontal eye position, and V is
the raw vertical eye position. (This equation is for the
horizontal component only; a comparable equation is used
for the vertical component.) The first three terms of the
equation map the raw positions to the known locations
on the appropriate axis. The last two terms correct for
crosstalk from the other axis. A total of 10 coefficients
result from the horizontal and vertical components.

Cofsolve then determines the coefficients that correct
for nonlinearities in the data by determining a separate
“corner term” for each quadrant of the screen with the
following equation:

APh = EPh +f~XY (n = 1,. . .4), (2)

where APh is the actualhorizontal position of the calibra-
tion dot (one of the four corners), EPh is the estimated
horizontal position resulting from Equation 1, Xis the raw
horizontal eye position, Y is the raw vertical eye posi-
tion, and n is the quadrant. The equation is used for each
quadrant, resulting in four coefficients for the horizontal
component and four for the vertical component.

The PC stores the 18 coefficients in a .COF file that
is used as input to transfrm, a programthat takes the eye-
movement data (.ISC) from a given task and transforms
it using Equations I and 2. The resulting output data file
(.EYE) is corrected for measurement error and coded in
the video-game coordinate space. The effectiveness of the
equations can be judged through examination of Figure 4.
Displayed are raw fixation data and transformed data from
a subject with a relatively high degree of distortion. The

Figure 4. Eye-movement calibration data before and after the cor-
rective transformation. The Rs show the raw eye-position data from
the eye tracker. The circles show the actual locations of the calibra-
tion stimuli, mapped onto an arbitrary space. The Ts show the trans-
formed estimates. Notice how most of the nonlinearities in the raw
data are removed after the transformation.

Table 2
A Subset of the Performance Variables on the Fullgame Task

Computed by the Compuvar Program
Buttonpressing frequencies (number of times pressed)
Buttonpressing durations (total number of frames each button pressed)
Simultaneous buttonpressing (frequencies and durations of different

button combinations)
Average durations between specific buttonpress sequences (e.g., between

turning the ship and shooting)
Distance ship traversed across screen
Number of hits
Distances of hit targets from ship
Number of ship-target collisions

circles represent the locations of the calibration stimuli
arranged in an arbitrary space around the center location.
The Rs represent the raw data from the eye tracker, and
the Ts show the transformed (corrected) looking positions.
As shown, the transformation not only maps the raw fix-
ation data onto the new space but also successfuily cor-
rects for most of the nonlinearities in the original data.

It is important to recognize that the .EYE file contains
x,y coordinates of visual regard for each data frame in
the video game’s coordinate space. Further coding is re-
quired to identify the timing of saccades, fixations, and
smooth pursuits (as described in the next section).

Data replay. The collected data also can be replayed
back through the video game by using the replay program.
The researcher can replay each frame of data, one at a
time, by entering the first frame number to be displayed
and hitting the return key to advance to each successive
frame. One also can replay entire trials at variable rates.
Eye-movement data can be displayed along with the per-
formance data and are represented by a small cross-hair.
The cross-hair’s location for each frame is determinedby
the value of the transformed eye-movement data.

Computing Variables
There are many variables that describe different aspects

of a subject’s performance for each of the video-game
tasks. Specific sets of variables are used to describe differ-
ences in the organization of skill across expertise levels
and to examine learning processes across time. Below,
we describe two of the programs that compute these
variables.

Compuvar is a program that computes up to 65 perfor-
mance variables on the Fullgame task. The variables
describe various aspects of performance for one trial. Ta-
ble 2 presents some of the most common variables used.
Each variable is calculated for each trial and output to
an ASCII file that is used as input to standard statistics
and graphing packages. The program computes the vari-
ables frame by frame until the end of a trial, at which
point it adds one row of data to the output file. New vari-
ables can be added to the program relatively easily,
through the addition of new procedures to the Pascal
program.

The program cananalyze a single file or an entire study
by allowing the user to specify multiple files and addi-
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tional experimental variables associated with those files
(e.g., age or sex of subject, session number, or ex-
perimental condition). Analyzing an entire study can in-
volve processing several hundred files. For example, in
one study (Roberts, Aman, & Canfield, 1989) 24 sub-
jects were tested 6 times each with 3 files collected on
each visit (totaling 432 files). To help keep track of this
potentially enormous database, compuvar makes an “audit
trail” when it analyzes multiple files. The audit trail con-
tains each file name, the file ordering in the analysis, and
the user-specified variables associated with each file. The
PC stores this information ina separate .TRK output file.
This .TRK file canalso be used later as input into another
run of compuvar to specify the files to be processed for
extracting additional variables.

Another analysis program, Eyemark, is used to code
the eye-movement data and the correspondence between
eye movements and task actions. The program aids a hu-
man coder in making decisions about the occurrence of
saccades, fixations, smooth pursuit, and blinks. The coder
examines two views of the data. Figure 5 shows one view
of the eye-movement data as it is displayed on the
80286 PC. Frame number increasesalong the x-axis, and
eye position is represented on the y-axis (using the trans-
formed .EYE data). Two plots are displayed, one for the
horizontal component of the eye position and another for
the vertical component. A small circle on each plot high-

lights the current frame. The user can advance the cur-
rent frame forward or backward or canjump to a specific
frame number. On the x,y video-game monitor, the cur-
rent frame of performance data is displayed with a cross-
hair showing the subject’s point of visual regard.

The two views of the data maximize a user’s ability to
make accurate and reliable judgments when coding eye
movements. On the PC monitor, the user views the eye’s
current position in relation to the preceding and follow-
ing frames. A saccade is identified when there is a rapid
change in position of the horizontal and/or vertical com-
ponents; a fixation is identified when there is no consis-
tent change on both components; and visual tracking oc-
curs when one or both of the components change gradually
(see Figure 5 for an example of each). On the x,y moni-
tor, the user views the eye’s current position superimposed
on the task screen. Thisview aids in the detection of sac-
cades, fixations, and tracking in ambiguous cases. In ad-
dition, the user can makejudgments concerning the loca-
tion of the eyemovements in relation to objects displayed
in the task.

A coder marks the beginning of each type of eye move-
ment on the PC by pressing a key (e.g., “S” for sac-
cade). This places a vertical color-coded line on the PC
screen on the appropriate frame. The user can add up to
two additional alphanumeric codes for each mark (e.g.,
indicating the location of a fixation on the task screen).
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Figure 5. A representation of the screen displayed by the eyemark program on the 80286 PC.
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The PC stores these marks and associated frame numbers
in a mark (.MRK) file. Also contained in the mark files
are the frame numbers of the beginning and end of each
buttonpress (left turn, right turn, thrust, and shoot). The
mark file thus contains information on the timing and posi-
tioning of eye movements in relation to the timing and
sequencing of game actions. Variables computed from this
file concern the relation between eyemovements and ac-
tion. Examples include eyeposition during shooting, eye
position during reorientation of the ship, and degree of
visual anticipation of targets (by foveating on the target)
before shooting.

ILLUSTRATIVE DATA

In the initial studies that we have done with the labora-
tory, we have focused on expert-novice differences in the
real-time organization of perception-action skills and on
the processes involved in the acquisition of expertise. The
“grain level” of the data examined varies as a function
of the issuesunder study. In some studies, large amounts
of data are aggregated across time and across subjects,
whereas in other studies, the moment-by-moment organi-
zation of performance is examined. We describe exam-
ples of both below.

Roberts et al. (1989) have examined developmental
differences in how children acquire skill in the Fullgame
task. We examined the performance of novices as they
acquired skill in the absence of explicit instruction and
explored several hypotheses concerning the reasons for
developmental differences in learning. There were 24 sub-
jects, equally divided across four age groups (4, 7, 12,
and 20 years). The subjects came to the laboratory twice
a week for 3 weeks. During each session, the subjects
performed 18 30-sec trials of the task. The aggregated
data for each age group are shown in Figure 6, averaged
across the 18 trials per session. As can be seen (panel a),
the 12- and 20-year-olds averaged more successful hits
per ship and showed more consistent improvement over
sessions than did the younger age groups.

We hypothesized that one reason why younger children
have difficulty in improving without instruction is that they
do not spontaneously simplify the task in ways that max-
imize learning. In the present task, one critical simplifi-
cation for learning to hit the moving targets is to refrain
from moving the ship around the screen. The calculation
of intercept times is complicated by a moving origin. As
can be seen in panel b, the two youngerage groups pushed
the thrust button far more often than the older age groups
did, and they actually increased thrusting time acrossses-
sions. These and other data suggest that the older age
groups are more successful at reducing the task’s com-
plexities in ways that promote learning. More germane
to the present purposes, these findings are examples of
how aggregated data can be examined to explore differ-
ences between groups.

The laboratory is also used to study the organization
of skill at a more microscopic level, especially in our
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studies of the relation between skilledaction and percep-
tual processing. In one set of on-going studies, we are
examining the coordination between visual information
pickup, as reflected in eye movements, and the timing and
sequencing of skilled action. Our goal is to find recur-
ring patterns of coordination characteristic of different
levels of expertise. Space limitations preclude a descrip-
tion of our work in the more complex tasks, so we present
here characteristic data from the Interception Component
task.

In this task, the subject (without moving or turning the
ship) releases a single shot at a target moving across the
screen. Since the targets vary in speed and distance from
the ship, correct timing of the release of the shot cannot
be judged reliably from one cue(e.g., target distance from
the intercept point or elapsed time from the beginning of
the trial). Instead, the subject must take account of the
current target’s distance and speed to make successful in-
terceptions consistently. Eye movements may reflect how
and when skilled performers extract this information.
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Figure 7. A representation of a subject’s eye movements during
a trial of the interception component task. The numbers across the
top represent the target’s position for each ‘/~-secframe. The tri-
angle at the bottom shows the position of the ship. The dotted boxes
show the target’s position at the beginning and end ofeach segment
of time during which the subject visually tracks the target. The solid
lines show saccades, the large dots show fixations, and the consecu-
tive Xs show smooth pursuit. Also shown are the timing of the shot
release and the positions of the target and shot immediately prior
to interception. The figure shows the following sequence: The sub-
ject fixates the ship, then saccades to the target and tracks it, then
saccades to a fixation location betweenthe ship and the target, then
saccades back to the target and tracks it, then saccades to a fixa-
tion position near the future intercept location, and finally returns
to tracking the target, during which time the subject releases the shot.

Figure 7 shows the eye-movement patterns for a skilled
player on a single trial of the interception task. The fol-
lowing sequence is illustrated: The subject first fixated
on the ship and then made a saccade to the target and
tracked it for 65 frames (1,083 msec). He then made a
saccade to fixate on a location between the target and the
ship for 32 frames, after which he returned to track the
target for another 30 frames. The subject then made a sac-
cade to fixate on a location that was close to the future
intercept position for 52 frames. Finally, he returned to
track the target, during which time he released the shot.
This scenario is typical of skilled performers: They tend
to track the target most of the time and almost always
when releasing the shot. Intermediate points of regard are
either on the ship or midway between the ship and the
target, depending on the target’s distance from the ship
and the time remaining before the shot is released. Fi-
nally, players often look at the intended intercept point
toward the latter half of the trial, but rarely earlier. These
and other initial findings suggest that eye-movement pat-
terns reflect the on-line strategiesemployed in the timing
and sequencing of skilled action. For the present discus-
sion, these data show how our system canbe used to study
the real-time organization of perception and action.

CONCLUSION

We believe that our system provides a unique and
powerful tool for studying the organization and acquisi-
tion of skill. The hardware and software are configured
to permit flexibility and precision in task design and ex-
perimental setup as well as in data collection, represen-
tation, and analysis. Other researchers have shown the
video game to be a useful context for studying skill (e.g.,
Bairstow, 1988; Cunningham, 1985; Donchin, 1989;
Graham, Cook, Cohen, Phelps, & Gerkovich, 1985;
Richardson, Washburn, Hopkins, Savage-Rumbaugh, &
Rumbaugh, 1990), and our initial work supports this con-
clusion. Our system differs from other systems in several
respects, but it is perhaps most unique in that it allows
the examination of perceptual processing during skilled
action. Perception and action are all too often isolated
areas of inquiry, although researchers are increasingly
recognizing their intricate interconnectedness in most
everyday activities (cf. Schmidt, 1987; Turvey & Carello,
1988). The present laboratory offers an approach to study-
ing these relations that may be useful to other researchers.
It is also our hope that some of the guidelines and tech-
niques used in developing our system will be of value
more generally to researchers in other disciplines who are
contemplating developing real-time data collection/anal-
ysis systems.
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NOTES

1. The software described in this article is available from the first
author. Send a blank disk and prepaid mailer. Some of the programs
were designed specifically for the hardware described in the paper,
although many could be easily modified to work with other systems.

2. Information on the ISCAN corneal reflection eye tracker can be
obtained by contacting Iscan Inc., 755A Concord Avenue, P.O. Box
2076, Cambridge, MA 02238.

3. The eye-movement data actually lag 4 frames behind the video-
game data. A two-frame delay is causedby processing time in the camera
circuitry, and an additional two-frame delay is caused by processing
in the ISCAN tracker. The combined delay is constant and corrected
for after data collection.

(Manuscript received September 25, 1990;
revision accepted for publication March 25, 1991.)
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