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Abstract

The TextLab Research Group, over the past seven years, has developed a
collection of tools and techniques for recording users' interactions with computer
systems in machine-readable form and for automatically analyzing and displaying those
data. This report catalogs those tools and discusses their methodological context and
implications.

Tools discussed include the iollowing: tracking users' behaviors and producing a
machine-recorded protocol at the level of action -- data an order of magnitude larger
than keystrokes, replaying users' sessions from protocol data; modeling users’
strategies using formal cognitive grammars; analyzing user sessions by parsing them
with the grammars; and displaying results in visual form -- both static and animated -
- to facilitate interpretation and understanding by researchers. These tools are placed
in a methodological context by reviewing issues associated with concurrent think-aioud,
keystroke, and video protocols; and other computer systems are reviewed that support
these forms of protocol data. The discussion concludes by noting the increased
importance of data management required by automated methods and our thoughts for a
comprehensive environment, built around a protocol management facility, that would
integrate the tools discussed and support development of new ones.
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Introduction

The TextLab Research Group has developed a collection of tools and techniques for
recording users' interactions with computer systems in machine-readable form and for
automatically analyzing and displaying those data. The purpose of this report is to
catalog those tools and to discuss their methodological context and implications.

We built these tools to study users' strategies as they work with systems
developed by our group. A cornerstone of our research is the goal of amplifying users’
intelligence for open-ended tasks, such as planning and writing technical documents or
developing software systems. To build such Intelligence amplification (IA) systems, we
must also build an understanding of users' conceptual strategies and conceptual
processes for the task Geing supported. This requires techniques that can be applied to
coherent behaviors, whose duration can extend as long as several hours, several weeks,
or longer. Tools and methods must be able to infer broad, strategic patterns that cover
the entire period while also identifying specific processes that last for only a few
seconds. As we explain in more detail below, machine-recorded transcripts -- called
protocols -- offer an attractive source of data for these purposes.

In the section that follows, we begin by reviewing methodological issues for
traditional and machine-recorded protocols. Next, we briefly describe tools developed
by other researchers to work with these different kinds of protocol data. After that, we
provide an overview of our approach by tracing the flow of protocol data through the
various tools we have developed.

Background

Since human thought processes cannot be observed directly, cognitive
psychologists and others studying human intellectual behavior have developed several
approaches for observing these processes indirectly. The methodology of controlled
experiments has been finely honed for examining specific behaviors under laboratory
conditions. For activities that involve combinations of mental skilis or that can't be
carried out in the laboratory, other methods are required. One such method, called
concurrent think-aloud protocols, was developed and used by Newell, Simon, and others
at Carnegie-Mellon University during the 1960s in order to study complex, problem
solving behaviors [Newell & Simon, 1972]. An alternative method, called the keystroke
method, has been used for tasks that involve computer systems; it is based on data
comprised of each key pressed by a subject while working with a computer system
[Card, Moran, & Newell, 1983]. A third approach, based on video recordings, has been
used both as a supplement to think-aloud and keystroke methods and in its own right.
Our group has developed a fourth approach that focuses on users' actions, recorded while
they work with visual, direct manipulation systems. In the discussion that follows, we
briefly outline issues raised by these different kinds of concurrent protocols.

Think-aloud protocols have provided a rich source of information for cognitive
psychologists and for those studying human-computer interaction. The goal of this
method is to produce a written record of subjects’ trains of thought based on the
subjects’ own verbalization of their thinking as it occurs while they perform the task
being investigated. Tasks that have been studied using this method include writing
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documents, solving arithmetic problems, assembling physical devices, and playing
chess. Recently, the technique has also been used to study human-computer interaction.
Under laboratory conditions, subjects are prompted by the experimenter to continuously
narrate their thoughts; however, under naturalistic conditions, such as a subject's
writing a paper at home, such prompting is impractical. Consequently, think-aloud
protocols often differ significantly in their level of detail.

Think-aloud protocols have been questioned on several other grounds, in addition
to level of detail. Nisbett and Wilson [1977] raised three kinds of questions. First,
subjects may have incomplete knowledge of their thinking processes; for example,
experts frequently have difficulty explaining how they solve complex technical
problems. Consequently, the protocol record may be incomplete in a more fundamental
sense than amount of detail. Second, subjects may not have an accurate understanding of
the processes they are aware of. Perhaps most serious of all, however, is the possibility
that the act of thinking aloud, itseif, may distort the subject's behavior: the way a
subject carries out a task while thinking aloud may not be the same as when the subject
does not think-aloud. This last objection calls into question the basic design of
experiments that rely on think-aloud protocols.

Ericsson and Simon [1980; 1984] constructed a response to these concerns by
reviewing a large volume of prior research, including their own studies. They argued
that concurrent think-aloud protocols do, in fact, constitute valid data for most tasks.
Their position is based upon distinctions they make among three types of tasks, which
they call Level 1, Level 2, and Level 3 conditions. Level 1 tasks are those in which
verbalization of concepts is an inherent part of the task and the verbalization is
successively stored in short term memory in verbal form throughout the task. Under
these conditions, they found no evidence that thinking-aloud affects this type of cognitive
processing or that resulting protocol data are incomplete or distorted. Level 2 tasks are
those in which verbalization may be part of the cognitive process but would not normally
be heeded as part of that task. Level 3 tasks are those in which verbalization is not part
of the cognitive process and, hence, must be generated for the think-aloud process,
itself. For both Level 2 and Level 3 conditions, Ericsson and Simon concluded that
think-aloud protocols can significantly change the cognitive process, especially for tasks
that involve recognizing complex patterns and relationships presented visually and for
abstract conceptualization [Ericsson & Simon, 1980; Ericsson & Simon, 1984;
Claparéde, 1934; Henry, 1934].

For researchers concerned with computer systems in which users represent
abstract ideas visually and work with them through direct manipulation of associated
icons, Level 2 and Level 3 conditions strongly apply. Thus, using think-aloud protocols
to study these users’ cognitive behaviors shou/d be expected, from a theoretical
perspective, to result in distortions of the data they produce, under at least some
conditions. This conclusion does not argue definitively against their use in studying
human-computer interaction, but it does suggest caution.

In addition to theoretical issues of validity, think-aloud protocols also present
problems of interpretation. Typically, they are not used in raw form but, rather, are
coded according to a taxonomy of categories [Swarts, Flower & Hayes, 1984]. The
problem raised here is the consistency and accuracy among the human judges who code
the raw protocois. While training can increase reliability and consistency among
judges, encoding remains a subjective process that is prone to differences on the order of
25% [Hayes & Flower, 1980].

A third issue is practicalily. An hour of think-aloud data typically produces
fiteen to twenty pages of transcription [Hayes & Flower, 1980]. Producing this




transcript is a costly and time-consuming process that limits the number of subjects
that can be studied and the range of questions that can be examined using this approach.

Recently, more subtle questions have been raised concerning the possible impact
differences in verbal fluency among subjects may have on their think-aloud protocols.
In an earlier study, Flower and Hayes [1984] found that one of the most important
differences between the think-aloud protocols of expert writers and those for novice
writers was the number of planning and structural revision actions subjects reported.
Hayes [1989] has since posed the question of whether or not higher verbal fluency
among experts may be responsible for this difference in the number of relevant
statements made by the two groups as opposed to more attention actually being given by
experts to planning and structural revision.

Thus, thinking-aloud is a technique that must be used selectively for theoretical
reasons, while the costs and effort involved may require, for many studies, that it be
used conservatively. Nevertheless, concurrent think-aloud protocols offer a source of
rich and finely nuanced data that is unavailable by other means. Below, we suggest an
approach, in which think-aloud and machine-recerded methods are used in conjunction
with one another, that can alleviate many of the problems reviewed above.

For studies that involve computers, an alternative form of protocol data is
sometimes available in the form of a record of each keystroke pressed by a subject. This
approach is attractive for several reasons. Protocols may be recorded passively, unlike
think-aloud methods. They can often be recorded by the operating system or by an
analytic shell without modifying the application program. However, keystroke data also
present several problems. First, they are very fine-grained; thus, storing, managing,
and interpreting these data are formidable tasks. Second, to infer what the keystrokes
add up to in terms of the commands and functions supported by the application program
requires an analytic program equivalent to the application programs own internal user
interface parser that interprets user commands. If interpreting a user's action is
dependent on the current state of data in the application, the interpretive program would
also have to duplicate much of the application program's function and data structures. A
third problem concerns completeness: for systems that use graphic displays and mouse
control, many user actions will not be recorded as keystrokes. Systems differ widely in
their capabilities to record direct manipulation events. Consequently, for some systems,
keystroke data will miss many, perhaps the majority, of the user's actions. Thus, while
keystroke data solve the probiem of distorting task performance posed by think-aloud
protocols, they share the problems of incompleteness and producing large volumes of
fine-grained data that must be analyzed or coded before being used.

A third method that has been used alone as well as in conjunction with both
think-aloud and keystroke protocols is video recording. Subjects are video taped as they
perform a task, perhaps while using a computer. These data can show what a person is
doing when not thinking-aloud or not typing on the computer keyboard. They can also
show what is being displayed on the computer screen -- information that is not likely to
be available through the keystroke record. While video protocols provide a rich, new
source of data, they also require extensive analysis and coding, raising the same issues of
consistency and costs discussed above.

The UNC TextLab research group has developed an alternative approach that
addresses many of these issues, but is restricted to studies that involve users of
computer systems. Our approach is to record protocols at the level of users’ actions,
rather than keystrokes. Since we study users’ strategies for systems developed by our
project, we can embed sensors directly into our programs to record data, such as
movements of the mouse from one window on the screen to another, selection of objects




or menu options, character strings typed in as names or labels, etc. Thus, the emphasis
in these data is on users’ interactions '-..h visual objects through direct manipulation

These action-level protocols solve many of the problems discussed above for
other forms of protocol data. They capture data frequently missed by keystroke
protocols. They solve the problem of cognitive interference raised by think-aloud
protocols by being passive and unobtrusive. And they address practical problems
associated with volume of data by recording an order of magnitude fewer events than
keystrokes. Like keystroke data, action-level protocols are recorded in machine-
readable form, thus eliminating the need for manuai transcription. Problems of
analysis and interpretation remain, but they are simplified since atomic units at the
action level are produced by sequences of keystrokes or events that have aiready been
interpreted by the application program’s own command processor.

Related Research

Several different kinds of computer tools have been developed to assist
researchers working with the different kinds of protocols reviewed above. Here, we
provide a brief overview of important examples of that work.

Think-aloud Protocols. Tools to assist analysts working with think-aloud
protocols appeared almost as soon as that form of data; as might be expected, they were
developed, in part, by Allen Newell whose pioneering work with Simon in human
problem-solving introduced this new methodology [Newell & Simon, 1973]. The first
such system, PAS-I, provided a set of powerful tools that included natural language
parsing of think-aloud protocols and generation of graphs depicting sequences of
subjects’ mental actions [Waterman & Newell, 1971]. Whereas PAS-I was limited to
working only with cryptarithmetic protocols, PAS-ll was a more general tool that
allowed input from the researcher during the parse and interpretation of the data
[Waterman & Newell, 1973]. The trend toward generality has continued until, today,
the predominant form of tool is one that manages the coding and analyses for the
researcher, but assumes input from the human user for most, if not all, semantic
information. These systems include VPA [Lueke, et. al., 1987], PAW [Fisher, 1988],
and SHAPA [Sanderson, et.al., 1989]. VPA, a system developed within IBM, is intended
primarily for testing system usability; it permits coding of protocols in terms of a
hierarchy of categories and keywords defined by the user. PAW is intended primarily
for research in programming skills. SHAPA is a general purpose tool that facilitates
defining a structure for the protocol encoding vocabulary in terms of predicates and
arguments, coding the protocols in terms of that structure, and collecting and
aggregating data.

Video Protocols. A variety of tools have been developed for managing coded
references to video protocols. Some of those described above can work with this form of
data as well as think-aloud protocols; others designed for analyzing video protocols for
groups will be discussed, below. Here, we focus on tools for working directly with the
video medium, itself. To the best of our knowledge, this class of tool is still in the
exploratory or development stages, but several examples reported in the literature
illustrate the concept. Mackay [1989] discusses both the Experimental Video Annotator
(EVA) she has developed as well as some of the issues it raises. Built as a prototype
requiring an Athena workstation and special video hardware, EVA allows the user to view
a video protocol and record time-stamps at points of interest as well as mark segments
using previously-established codes. A text editor also allows the user to record
comments linked to time-stamped sequences. Randy Trigg [1989] has described a
similar tool, but with the addition of hypertext links and anchors that permit
researchers to associate and to view in close succession different sequences on multiple
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video tapes. Trigg also describes his plans for a more ambitious support system being
planned at Xerox PARC.

Machine-Recorded Protocols. In their original description of the GOMS model,
Card, Moran, and Newell [1983] describe the use of time-stamped records of keystrokes
supplemented by hand-coded actions -- derived from either think-aloud or video
protocols -- as a basis for modeling users’' cognitive behaviors. A number of studies
based on the GOMS and Keystroke models have followed; however, the basic tools and
methodology have not been extended significantly since they were first introduced.
Several researchers have used formal grammars to describe users' possible interactions
with systems [e.g., Foley & Wallace, 1974; Reisner, 1981; Kieras & Polson, 1985],
but they have not taken the next step and built parsing programs based on the grammars
to analyze machine-recorded keystroke protocols. Our work in protocol tools and
methods best fits within this category. We describe the toois and techniques we have
developed, below; previously published discussions that may be of interest include
[Smith & Lansman, 1989; Smith, Rooks, & Ferguson, 1989; Walker, 1991].

Group Protocols. Several projects have developed tools for studying groups from
the points of view of cooperative work and/or collaboration. Most of these tools are
currently oriented toward managing, analyzing, and displaying results based on data that
is hand-coded from concurrent observations by a trained researcher or from subsequent
analyses of video recordings. One such system is GroupAnalyzer, developed at the
Capture Lab in the Center for Machine Intelligence in Ann Arbor, Michigan [Losada,
et.al.,, 1990]. Using this system, trained observers code the behavior of each individual
participating in a meeting in accord with a pre-established classification scheme, such
as SYMLOG. GroupAnalyzer manages the coded data, including time-stamps for individual
behaviors, and provides an interface for external programs that perform time-series
and other analyses on the data. A similar tool, but with more extensive capabilities for
displaying behaviors with respect to artifacts, is described in [Oison & Olson, 1991].
As more computer systems are developed to support cooperative and collaborative work,
additional toois of this kind will be needed for working with machine-recorded group
protocols. We describe some of our preliminary efforts in this direction, below, but at
present, this work is still exploratory.

Overview

In this section, we provide an overview of the tools we have developed for
working with action-level protocols by tracing the flow of data through them, as shown
in Figure 1. Each tool or perspective introduced here is described in more detail, below.

Tracking. So that we may observe the actions performed by a user of one of our
systems, we embed sensors in the program that note objects, and their positions,
selected by the user with the mouse; menu options; time; and other relevant information.
These data are formatted in accord with the rules of a Protocol Description Language that
is general across all of our tools and then output to secondary storage.

Replay. Replay is the inverse function of tracking. We have modified our
systems so that they may read-in a stored protocol from an earlier user session and
recreate an approximation of the original session. Options permit the researcher to
view the session in the same amount of time as the originai, in proportional time, or in
as brief a time as the system can perform the sequence of operations. Foreshortening
time while viewing sessions helps the researcher to infer patterns and strategies, while
the proportional time feature heips in getting a comparative sense of the amount of time
required for different tasks and operations.
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Grammar Tools. Grammars are at the core of our theoretical and methodological
thinking. On the theoretical side, grammars constitute formal models that describe
users’ cognitive interactions with computer systems for a particular conceptual task.
On the methodological side, grammars are used by parsing programs to analyze machine-
recorded protocols. This capability to automate analysis makes possible longitudinal and
naturalistic studies for large numbers of subjects that would not be possible using
conventional methods.

Analytic Tools. Both raw and parsed protocol data can be filtered to extract
numeric values, time parameters, and other data that, in turn, are passed to external
analysis programs.

Display Tools. While data may be analyzed by numerous automated tools, they
must eventually be studied and interpreted by human beings who decide what they mean.
To assist researchers with this essentiali task, we are developing an open-ended
collection of visualization tools. We differentiate between static tools and animated tools.
The first produce a fixed image of one or more pretocols, or associated data, from a
specific analytic point of view. The second is set of dynamic displays, usualily shown on
muitiple workstation screens, coordinated by a replay of a session; as the session
unfolds in time, the various visual displays showing the parsed or analyzed protocol
update their data accordingly.

Data Management. Automated tools make it possible to gather and analyze large
numbers of protocols. However, this richness of opportunity can be obscured by the
volumes of data produced. Consequently, better data management tools are needed if the
full potential of this methodology is to be realized. We are currently designing a
comprehensive computer environment from which all protocol tools and data can be
controlled. From it, we will be able to turn on and off the tracking function in our
application systems; store and move protocol data; sort and select protocols from the
database for analysis; develop, test, and modify grammars; parse specific protocols;
apply various filter programs to the parse trees or raw protocol data to extract values
that are then passed to statistical or other analytic programs; and, finally, control the
various static and animated dispiay programs.

Below, we discuss each of these tools in more detail.

Tracking

To produce a machine-recorded protocol of users interactions with a computer
system, we embed sensors in the source code of our computer systems. They produce a
data record for each action performed by a user, such as mouse movements, objects
selected, and keyboard entries, along with the time (in milliseconds) of the action and
other relevant attributes, such as the location of a node affected by the action. These data
are formatted and written to external storage by the embedded tracker.

Data are recorded at the level of event or action, such as a menu selections or a
sequence of several words entered as a parameter, such as the title for a node. Thus, the
granularity of a protocol record based on actions is an order of magnitude larger than one
based on keystrokes, such as those used with the GOMS keystroke model (Card, Moran,
and Newell, 1983]. The reason for this difference in the granularity of protocol
observations is that GOMS research has typically focused on fine-grained analysis of
user interactions in order to predict performance times and particular sequences of low
level commands selected under different conditions. The intent of our research is
different; we are trying to understand broad strategies and patterns of behavior that
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extend over hours for complex, open-ended tasks, such as planning and writing. User
actions appear to be the lowest level of detail that can be said to represent acts of
conceptual intent, whereas keystrokes or simple mouse movements are reflexive and,
thus, lie below conceptual intent.

The recorded events are written out to secondary storage by the tracking module
embedded in the application program. These data constitute what we call an action level
transcript and serve as input to the session replay module and the protocol analysis tools
described below.

The formats and semantics for our protocol transcripts have changed several
times over the past six years. While it would seem straight-forward to report which
event has taken place, at what time, lasting for what duration, at what point on the
screen, etc., these simple requirements hide several subtle problems. We have managed
to find at least some of them during the course of our work. Following is a short, history
of the three different protocol formats we have used, followed by a discussion of the
problems they have raised or addressed. We refer to these different formats as versions
1-3.

For all versions, the protocol file begins with a header containing the following
information:

0 version of the Writing Environment used

o] date the transcript was created,

o} system time at which the session began

) user name

o clock time at the beginning of the session

o name of the database for the session

o boolean value indicating whether or not the database was empty at the

beginning of the session

If the particular grammar allows different lexicons of protocol symbols to be used,
another line is added to the header to indicate which lexicon is in use.

The header is followed by a blank line, then the sequence of actions which make
up the session. The first event of a session is always openSession, with the mouse
position at opening. The last event is always closeSession, with the mouse position at
closing. The rest of the events indicate the behavior of the user.

Version 1 of the transcript language recorded:

o elapsed time between events
o] event name
o] list of the attributes for the event.

The list of attributes is different for different action symbols; thus, it consists of zero
or more attributes which may include identification of the object affected by the action,
the position of the object on the screen, or the logical relationship of the affected object
with respect to other objects in the environment. The events recorded in version 1 were

9




restricted to only those generated by user actions; in later versions, the tracker added
information on its own to make the replay program more robust.

Version 2 of the transcript language recorded:

o begin time of the event (relative to the beginning of the session)
o} event name
o attributes.

This version includes several additional types of events that characterize user behaviors
byt are not associated with selecting a particular object. These events were added to the
transcript language by the tracker to provide more detail needed by the replay program,
such as events describing the user's roaming within the work space.

Version 3 of the transcript language records:

0 begin-time
0 empty field for the duration
0 event name
o attributes

The duration of the event is calculated after the protocol has been parsed by a grammar.
New events were added to aid replay and represent several previously unrecorded user
actions.

Finding the right way to calculate the time attribute(s) for user actions has been
difficult; indeed, as this brief history shows, we have used three different formulas.
The main problem has been determining the duration of an event. In the early versions
of our protocol language, we made the naive assumption that the duration of an event was
the amount of time extending from the beginning of one event to the beginning of the next
event. This is not accurate; the user often performs mental actions between events that
don't resuit in computer actions -- such as planning, pondering, or day-dreaming.
Pauses, thus, represent important information with respect to users’ strategies and
patterns of behavior that should be recorded for analysis.

We are currently implementing version 4 of the transcript tanguage; for each
user action, it will record:

0 begin-time (relative *» the session clock)
o end-time (relativa to the session clock)
o} event name

0 attributes.

Thus, the inactive time -- or pauses -- between events can be calculated and evaluated
later during analysis.

Another mistake we will correct in version 4 concerns the format for the
protocol file header. Earlier formats did not allow new information to be added to the
header, since all down-stream tools assumed a fixed number of lines in the file header.
Experience has shown that storing various information about particular experimentai
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conditions, the subject, the session, etc., to be useful during later analysis.
Consequently, the header will be variable in length in version 4.

We are currently extending our work from addressing single users writing
documents to groups of users developing software systems; thus, we need to develop
tracking functions and protocol transcription formats that will permit us to study the
ways in which a number of users interact with one-another in developing large, complex
structures of ideas over periods of months to years. Our current level of protocol
granularity may be appropriate for analyzing particular periods of work, but it may be
impractical for extended studies because of the volume of data produced. A larger-grain
reccrd, that records the sequence of modes engaged by one or more users in order to read
or work on a particular artifact, may be more practical, and it may provide more useful
data for understanding collaborative interaction. An intermediate approach mighi be to
record mode/artifact data for an entire collaborative project but record action-level
protocols only for selected periods of work. Thus, we are considering making the
granularity of the protocol events that will be recorded by our future systems a variable
that can be changed dynamically.

Replay

So that we may observe the behaviors of users working with our systems, we
have built facilities into them that can take an action-level protocoi transcript, as
described above, and recreate the user's session. We call this facility rep/ay. Here, we
describe replay as a stand-alone tool; below, we discuss its use in conjunction with
other display tools.

During replay, the screen appears exactly as it appeared to the user during the
session in which the protocol was recorded; however, none of the program's controls is
active. Events are replicated from the beginning of the session, so the viewer can watch
the user's strategy unfold. Along the bottom of the replay screen is 1 box showing the
current protocol event and its time relative to the beginning of the original session. A
sample replay screen is shown in Figure 2, which aiso includes a dynamic dispiay tool in
which the particular event is shown in context with other events classified as either
planning or writing events. This tool will be presented in more detail later in our
discussion.

Replay can be interrupted by the researcher at any point and, then, resumed. The
viewer can also control the replay speed in several ways. The interval between events
can be set so that it duplicates the pauses and the pace of the original session.
Alternatively, it can be set to some proportional value of the original, such as one-tenth;
this option permits the observer to view the session in a fraction of the original time but
also gain a sense of the users "rhythm" of work. A third option lets the observer indicate
a constant time interval that will be inserted between events; this interval can range
from 0, in which case the session will replay as fast as the system can reproduce the
user's actions, to any specified number of seconds. For an interval value of 0, a session
that originally took the user two hours will replay in approximately 8-10 minutes.
Finally, the observer may interrupt the replay and then manually step through events,
one at a time or a specified number of events at a time. In this stepping mode of replay,
the specified number of events are recreated, then the system pauses until the observer
clicks the mouse, then the next set of events is shown, etc. Thus, replay allows the
researcher to view a session in time proportional to the original, in uniform time, and
in manually controiled steps.

Compressing the time required to recreate a user’'s session turns out to be
surprisingly useful as a tool for analysis. Foreshortening session time allows one to see
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a user's strategy unfold during a session. For example, one can see the user layout a
collection of nodes, note the order in which ideas were generated, see clusters
transformed into more complex structures, note intervals of writing, per se, versus
planning and editing, etc. One can also see the order in which different system modes
were engaged and in which modes different ideas and structures were developed. At
present, replay does not reproduce work carried out within the text editor; as a result,
time spent in either of the editing modes is indicated by a blinking cursor for the
appropriate duration, but no actual events are shown. In the future, we hope to extend
our tracking and replay capabilities so that we may show the user’s actions during actual
writing.

Recently, we have begun using replay to gather cued retrospective think-aloud
prctocols as additional data for studies and to validate our grammars, described below.
This form of think-aloud protocol is collected immediately after a working session is
completed. The user and researcher view a replay of the session together, and the user
narrates his or her actions, cued by the replay, for the entire session or for portions of
particular interest to the researcher. In this way, the researcher can ask the subject
about particular events or episodes without interrupting the original train of thought.
This approach avoids the potential p oblem of task distortion associated with concurrent
think-aloud methods [e.g., Nisbett and Wilson, 1977, Ericsson and Simon, 1980] while
providing many of the benefits. In a future experiment, we will catalog more closely the
similarities and differences in the data generated by the two methods as well as try to
identify effects on the user’s strategy of concurrent narration.

Replay seems like a simple function, but, as with protocol data formats, it raises
subtle problems. Currently, the state of the replay is maintained by a finite state
machine (FSM) embedded in the application system. The FSM knows the number of
objects that must be updated for each type ¢t event; however, for complex reasons, that
count can occasionally become incorrect for some user actions, causing the FSM to wait
indefinitely. Currently, the problem can only be circumvented by hand-editing the
protocol transcript to remove the offending event; this is not a satisfactory solution.
Other problems, not quite so fundamental, also exist. Attribute values that record the
location of an event on the screen are recorded as absolute screen co-ordinates, which
can cause problems when the replay is run on hardware different from the original --
for example, switching from Sun workstations to DEC workstations, which have a
smaller screen, can cause replay to hang. Similarly, changing the application program
source code can cause previously recorded transcripts to hang when we attempt to replay
them on the new system. Problems can arise, for example, if application menu options
are added or deleted, in which case oid transcripts will not replay properly.

For future systems, we are considering recording two forms of protocols for each
session. One protocol will be used strictly for replay. It will be a record of the low-
level event queue produced by the system, from which the session can be recreated
precisely. A second protocol will be recorded at higher levels of the system after low-
level events have been interpreted in terms of their effects on the data objects being
manipulated by the user. This second record, similar to our current action-level
transcript, will be used by dcwn-stream tools for analysis and for displays other than
replay

Grammars and Related Tools
Concept

We view a protocol transcript as analogous to a statement or discourse in natural
language. From this perspective, the symbols that represent individual user actions can
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be thought of as words, and sequences of actions as cognitive phrases, sentences, or
discourse, depicting the user’s interactions with the system through which he or she
attempts to achieve a hierarchy of goais. To analyze these data, we have developed formal
cognitive models that are expressed as grammars. We use these grammars to parse
sequences of protocol symbols -- analogous to parsing sequences of words using a
natural language grammar. The resulting parse trees provide concrete representations
of the user's cognitive behavior, tactics, and strategies, enabling us to make comparisons
between sessions for different users or for the same user under different conditions

Our first grammar was expressed within the formalism of production rules
supplemented by functions that recognize different types of graph objects, such as
disconnected sets of nodes, connected graphs, trees, etc. That system was implemented
using the OPS83 expert system shell. We are nearing completion of a second grammar
expressed as an Augmented Transition Network (ATN), and we are currently working on
an associated general-purpose parser. To assist with the refinement of this ATN model
and with development of future ATN grammars, we are also building a visual, direct-
manipulation grammar development tool. In the discussion that follows, we describe
both grammars and the grammar development tool, as well as provide a brief background
description of the ATN formalism.

Both grammars model the task of expository writing, including planning,
writing, and revising activities, but with emphasis on the more structural, as opposed to
linguistic, aspects of the process. Both grammars assume an underlying cognitive
architecture for the kinds of thinking required for this and other similar tasks
concerned with developing abstract structures of ideas (e.g., plans, software designs and
implementations, military doctrine, etc.) The key assumption is that human beings
engage a succession of different cognitive modes in order to carry out a particular task in
accord with tactics and strategies that they have learmned or developed. A mode is engaged
in order to achieve a particular goal which is usually manifest as the production of some
information artifact or product, such as an arrangement of notes, a plan for a document,
or a paragraph of text. To produce this product within a particular cognitive mode,
people use particular sets of cognitive processes and, by implication, do not use other
processes. Behavior within @ mode is further characterized by sets of constraints or
rules specific for a given mode. Thus, a mode can be summarized as a way of thinking
engaged in order to achieve a goal, resulting in the production of a particular kind of
conceptual product, as a result of using a set of cognitive processes, in accord with a set
of constraints and rules. For example, the task of expository writing often includes a
form of early exploratory thinking during which writers brainstorm their topic, collect
and analyze information, consider alternative perspectives, etc.; this kind of thinking is
different form organizational thinking in which is developed that will guide writing,
itself. These three modes of thinking are different from the several kinds of thinking
used for revision, i.e., structural, coherence, and linguistic editing. For further
discussion of cognitive modes, see [Smith & Lansman, 1989].

Production Rule Grammar

Our first grammar viewed a session as being composed of a series of modes in
which cognitive processes were used 1o produce instances of particular products or
changes to products. These conceptual products were represented and manipulated in the
computer system by the user through various operations, each consisting of several
specific system actions. A schematic representation of this model is shown in Figure 3.
In this depiction, which stops at the level of mode rather than session, we see the four
actions required to produce the node labelled n. These actions constitute the operation:
create_node. In conjunction with several other operations, an existing cluster (a
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particular type of product) is being expanded through the process of focused recall. Ali
of this is taking place within an exploratory mode of thinking.

The parser is actually a group of several different parsers that operate in a
bottom-up manner in which the output produced at one level serves as the input to the
next higher level. The data flow of these component parsers is shown in Figure 4. The
action-level protocol transcript, produced and formatted by the tracker, is parsed to
produce the operation-level protocol. The main parsing program receives this data as
input and outputs, in parallel, the top three levels of the parse: the delta-product-
level, the process-level, and the mode-level protocol transcripts. Thus, the parser
produces horizontal slices of the parse three that are assembled to produce the parse
tree for a session.

Next, we describe the implementation of these parsing programs. Before parsing
begins, the action level transcript is filtered to remove events generated by the tracker,
rather than the user, to facilitate replay. The action level to operation level analysis is
then done by a yacc-based parser, since context-free rules are sufficient to recognize
operations. Yacc provides facilities for defining the tokens (or symbols) in the
grammar, the rules, and the output produced by each rule; it then converts these
specifications into tables for a generalized LR(1) parsing algorithm. The tables are then
used to parse the action level transcript, producing the operation level protocol
transcript.

The three higher level protocol transcripts are produced by the expert system
parser, written in OPS83 (declarative), plus additional context sensitive functions
written in OPS83 (procedural), under the control of the main program. As the
operation-level protocol symbols are read, the user's data structures are recreated. A
set of recognizer functions then identify the effect of each operation on the data structure
in terms of their effects on a small set of types of (intermediate) cognitive products,
that include isolated nodes, clusters of nodes, relations, trees, and nontree structures.

The structures developed on the screen by the user and now recreated by the
parser are assumed to represent the cognitive products and conceptual structures the
user was trying to construct. The delta-product level analysis uses the recognizers and
approximately forty production rules to make decisions about these conceptual products
and the changes the user made to them during the session. The cognitive process level
uses the changes in the cognitive products, as represented in the deita-product
transcript, to make inferences about the cognitive processes that were engaged by the
user, such as recalling ideas from memory, associating them, or expressing them as
sentences. For example, creating several nodes in close spatial proximity (clustering)
is interpreted as focused recall, whereas creating nodes that are spatially separate from
one-another (unclustered) is considered loose recall. Approximately 21 rules are
needed to identify the set of cognitive processes. The highest level protocol transcript is
the cognitive mode level. Currently, the grammar recognizes four different modes:
explore, organize, edit, and revise, where edit refers ambiguously to both writing, per
se, and linguistic editing. The parser generates and outputs these three protocol
transcripts -- delta product, process, and mode -- in parallel.

ATN Grammar

The cognitive grammar expressed in OPS83 works satisfactorily, but the
architecture of the parsing system is awkward, making maintenance difficult. Our ideas
concerning the model of writing have also evolved. Consequently, we began work this
past year on a second grammar that will define a revised model of the writing process.
That model is being developed in terms of the ATN formalism.
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An ATN is a specialized form of finite state machine (FSM) that allows tests on
transitions, operations on register values, and recursive calls to other ATNs. ATNs were
first described in [Woods, 1970]. The main application of ATNs has been in natural
language understanding systems. However, the ATN formalism is quite powerful --
equivalent to a Turing machine -- and its register and test capabilities make it
convenient for incorporating tests on parameter values -- such as the spatial
coordinates of a node -- into the rules of the grammar.

An ATN grammar is expressed as a set of graph structures whose nodes represent
states and whose links represent transitions. Descriptive labels that denote the
nonterminal symbols of the grammar are normally attached to the links/transitions. A
parse is performed by a program that reads symbols from a language and then traverses
the ATN graph structures, checking for conditions, performing various tests, and
recording information in various registers. The parse is complete when all symbcls
have been read in and the parsing program reaches a stop state; the parse tree for the
string is constructed from the sequence of successful transitions in the path through the
ATN graphs that ended in the stop state.

ATN graphs are traversed by moving from state to state over directed transitions.
A transition may have several kinds of tests on it. An empty test allows unconditional
crossing of the transition. Tests may check the category or the specific value of the
current input symbol. For natural language, this test might determine whether the
current word is a verb or a noun. Some ATN tests, such as push or jump, control
movement of the parser between different ATN graphs. A push transfers controi to
another ATN named on the transition link, which can be a recursive call to itself. The
named ATN must then be successfully traversed before the transition generating the push
is completed. This structure allows the model represented by the ATN to be divided into
layers. For example, an ATN representing sentence structure could have a push to a
second ATN that recognizes noun phrases and a subsequent push to a third ATN that
recognizes verb phrases. Other kinds of tests -- for example, in our application,
computing the distance between two nodes on the screen - may be defined on the links
depending upon the specific use of the ATN.

A side-effect of making a transition from one state to another may be to set, send,
or receive register values. Multiple registers can be defined, somewhat like local and
global variables, to store specific data. In natural language applications, registers hoid
values for the subject of a sentence, the verb, etc. This information can be used by other
parts of the ATN to check subject-verb agreement, gender agreement between the
subject and a possessive pronoun, etc. Often, each part of the sentence is stored in a
register so that at the end of the process, the entire sentence can be reconstructed along
with the parse tree for that sentence.

Our decision to use the ATN formalism for our second grammar was motivated by
several factors. Since ATNs have the power of a Turing machine, they can handle context
-sensitive rules. Second, our group has worked with graph structures for so long, we
tend to think in terms of that data model; since ATNs are graph structures, they are a
natural formalism for our group to use. We can also reuse our hypermedia graph
browsers as a basis for the specialized tools we are building to work with ATN networks.
Third, interpreting users' cognitive strategies often involves testing attribute values,
such as determining the distance between two nodes or the time between two events.
Since ATNs include rules on arcs, they provide a convenient mechanism for handling this
requirement. Thus, ATNs offer an attractive formalism for our particular project and
our particular group.

The model of writing currently defined by our ATN grammar differs from our
production rule model in several respects. Most obvious is that it includes a varying
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number of levels. In the earlier grammar, all sequences of actions were ultimately
interpreted in terms of a five-level tree, ranging from session and modes at the top to
operations and actions at the bottom. In the new grammar, some modes are "deeper” than
others; that is, they may include submodes that serve strategic purposes, resulting in
parse trees whose branches differ in depth. A second distinction is that we have
incorporated the computer tool, itself -- used by the users of our systems to mediate
their cognitive behavior -- as a fundamental part of the task model. That is, when
someone uses a particular tool for a task -- such as our writing environment -- that
tool affects the user's thinking -- the processes they use, their strategies, efc.
Consequently, we are including the user’s attention to the tool -- manifest as a sequence
of operations that address the system rather than the conceptuali artifact being
represented -- as a mode of thought analogous to other modes, such as exploring or
organizing.

To gain a feei for the ATN task model, consider Figures 5 & 6. At the highest
level, we presume that users are working; for whatever reason, they decide to write a
document. To do so, they engage a mode that contains a strategic model of the process.
Here, they can explore concepts, develop the structure of the document or its
expression, or they can consciously address the tool. Assume that our writers decide to
explore content. they then engage a submode in which they may brainstorm, build
clusters of ideas, or build component structures. If they decide to brainstorm, they can
represent a concept (define it), revise an existing concept, or discard (delete) an
existing concept from further consideration. Defining a concept is a basic cognitive
process in our model that is done by completing a small sequence of actions that
constitute an operation. As the final figure shows, this operation and the product it
produces are subjected to a test; if the conditions are satisfied, the transition in this
lowest level ATN network is completed.

Other strategic choices would, of course, lead to other behaviors, other protocol
sequences, and other paths through the ATN. But this simple example, we hope, will
provide an intuitive sense of the model expressed in the ATN grammar. Of course, other
models could be expressed in other ATN network structures. Consequently, our strategy
in developing a parser is to develop a general tool that can be used with different ATN
grammars.

ATN Grammar Tool

To support development of different ATN grammars, we are building an editor
with which to define and edit grammars. The ATN-Editor, shown in Figure 7, supports
visual display and direct manipulation of ATN graph structures. It also permits the user
to cefine rules on the arcs; we are attempting to provide general evaluative mechanisms
so that most rules can be specified by selecting relevant attribute values and conditions
from menus of possible choices. However, the editor will also permit ad hoc SmaliTalk
programs to be written and applied as tests, when required. The editor provides basic
error-checking for common errors, such as unreachable states and pushes to undefined
nodes. In the future, we plan to add a real-time interpretive capability so that
partially-completed ATN grammars can be tested and refined against sample protocol
data. At present, the editor exists as a partial prototype; we hope to complete prototype
implementation of all basic functions by the end of the year.
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Analytic Tools

Once a protocol for a session has been parsed, the resulting data can be viewed
from two perspectives. First, it can be thought of as a parse tree, in which the session
is the root symbol, consisting of a sequence of modes, each comprised of a sequence of
cognitive process symbols that produce changes to (often intermediate) cognitive
products; accomplished by sequences of operations, each requiring several user actions.
Thus, each session will produce a parse tree with depth of five levels. While the parse
tree can be anaiyzed directly, we normaiiy focus on a particuiar ievei of the parse tree,
such as the deita product level or the modal level. Consequently, we can define a second
perspective in which a horizontal slice of the parse tree is seen as a sequence of protocol
symbols analogous to the original action-level protocol recorded by the system, but at a
higher level of abstraction. Each such level defines the user's behavior from a different
cognitive perspective -- e.g., as a sequence of shifts in cognitive mode or as a shift from
working on one (intermediate) cognitive product to another.

Analysis, of course, is an iterative, open-ended process; but each iteration
normally consists of two computer processing steps: data are first filtered to produce
one or more measures; second, these measures -- usually aggregated for all subjects
taking part in an experiment or in one condition or category -- are then analyzed using a
standard statistical package. In the remainder of this section, we describe our work
supporting these two steps. :

Filters

Filters are independent computer programs that scan a protocol sequence -- at
the action level as recorded by the application program or at an intermediate level in the
parse tree -- and produce values or sequences of values that are subsequently analyzed
statistically or are displayed. The measures they produce quantify some pattern of the
user's cognitive behavior from a particular analytic perspective. In a series of
experiments concerned with differences in novice and expert writers’ strategies, some
of the specific issues we are interested in, for which we developed filters/measures,
included the following:

0 will experts produce more complex hierarchical structures and/or will
they develop them more quickly?

o} will novices struggle more with the development of the structure for
their papers since they must develop an organization for the information
from scratch and cannot simply adapt knowledge already in memory?

0 will experts write better papers and will they write them more
efficiently?

o will experts include in their documents more ideas outside the source
materials provided than novices?

o will novices tend to follow a last-item-generated-as-cue retrieval
strategy versus a strategy based on conceptual structure, expected of
experts?
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o] will the main topics of experts be more similar across subjects than
those of novices?

To address these issues, we have developed the following filters:
Top-Down Index

Using the Writing Environment (Smith, Weiss, & Ferguson, 1987; Smith,
Waeiss,Ferguson,Bolter, Lansman, & Beard,1987) , writers can develop the ideas for
their paper in whatever order they like. One strategy for creating ideas is to create
superordinate topics first, followed by subordinate topics. This would be similar to
filling out an outiing from the lop to the bottom. We call such an approach a top-down
strategy. An alternative method is to generate subordinate topics first, group them, and
then create appropriate superordinate topics. This would be a bottom-up strategy. The
top-down index indicates the degree to which writers followed one or the other of these
strategies.

To calculate top-downness, we compute the percent of nodes (omitting the root
node) that were created after their superordinate node was determined. If writers had
followed a purely bottom-up strategy, their top-down scores would be 0.00; if writers
followed a purely top-down strategy, their scores would be 1.00. In our experiments,
subjects’ scores of top-downness ranged from 0.5 to 1.0, with a mean of 0.80.

Stage Index

This index assesses the extent to which planning time precedes writing/revising
time. (The name, Stage Index, derives from an early, now discredited, theory of writing
that asserted that writers progress linearly through three stages -- planning, writing,
and revising.) In order to understand the Stage Index, imagine computing for every
minute of writing time the proportion of total planning time that preceded that minute of
writing. These proportions are averaged across all the minutes of a writing session to
compute the Stage Index. For example, if a subject had completed all planning before
beginning to write, then for each minute of writing the proportion of planning that
preceded that minute would have been 1.0 and the average, the Stage Index, would be 1.0.
The index can vary between close to 0 and 1.0. (It can't be 0 since subjects using the
Writing Environment must create at least one node in either Network or Tree Mode
before they can begin to write.)

Struggle Index.
This index assesses the difficulty, or struggle, writers have in developing an

organizational structure for their papers. Difficulty in developing a structure might be
exhibited by the number of actions in Network and Tree Modes versus the size of the
structure produced. The index is defined as follows:

STRUGGLE = PLANNING_OPS / TOTAL_NODES

whaeare:

PLANNING_OPS = # of create node + create link + delete (node, link or
tree) + move (node or tree) + rename

TOTAL_NODES= # of nodes in final structure (tree)

Conceptual vs. System Operations Index
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Operations in Network and Tree Modes can be classified as either being a
conceptual operation or a system operation. Conceptual operations are operations which
directly contribute to the development of the conceptual structure for the writer's
document. System operations are those that are concerned with controlling the Writing
Environment, per se. More precisely,

INDEX = CONCEPT_OPERATIONS / SYSTEM_OPERATIONS

where:

CONCEPT_OPERATIONS = delete (node, tree or link), create node, create
link, rename & context (roaming)

SYSTEM_OPERATIONS = system, layout & view

The set of filters is, of course, open-ended. They are dependent on the goals and
perspectives of specific studies. Those described above constitute our current
inventory, but as we address new research issues, we expect the list to grow.

Statistical Analysis

Data -- consisting of simple counts of protocol symbols at various levels of the
parse tree as well as values produced by filters -- are analyzed using a standard
statistical package -- currently, SPSSX (see Lansman, Smith, & Weber, 1990 for an
example).

These data are written to a file and the file processed by the statistical utility in a
conventional manner. We would like to buy or develop a graphics-based data-flow
control program to assist with the management of statistical analyses. We can envision a
system in which one represents sets of data and statistical functions by icons. One could
then perform a specific analysis on a given set of data by simply drawing a link between
their corresponding icons and then represent the resuits by a new data icon. Some of our
ideas about such a system are described in Young and Smith [1989], but we have not
begun work on this project.

Display Tcols

The goal of our research in protocol methodology is to automate the recording and
analysis of protocols as much as possible. However, human beings, not machines, must
ultimately decide what the data tell us. Thus, our strategy is not to remove human
researchers from the process, but rather to provide them with tools to help them
manage, analyze, and interpret protocol data. Particulaiiy important are display tools
to help researchers visualize the data.

We have built two types of display tools: static and animated. As the terms
imply, static tools provide a snap-shot of numerical or time-series data for one or more
user sessions from a particular analytic perspective. By contrast, animation tools
provide a dynamic view of a session that unfolds in time, as the session is replayed. Both
types of tools are discussed below and illustrated in accompanying figures.

Static Tools

The Events-Time Distribution Tool, illustrated in Figure 8, provides a static
representation of the frequency with which user events, grouped by analyst-determined
categories, are distributed over a session. The display is divided into two panels. The
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left panel lists a taxonomy of events that was previously defined by the user in a tree
representation. Frequency distributions for each type of event are displayed in the right
panel of the screen, in which session time extends from left to right. The instances of
each event type are represented by a series of tick marks (short vertical lines) at the
time each event begins. A horizontal line extending from the center of each tick mark
(the tail) indicates the duration of the event. The panel is divided into horizontal bands
that correspond to the categories of the taxonomy defined in the left panel. A row of tick
marks, thus, appears for each type of event and for the cumulative total for all events
within a category. Changing the structure of the tree in the left panel changes the
organization of the distributions in the right panel. The bottom section of the right panel
shows a histogram that can display either the total number of events within each
category or the total duration of events within the category. In Figure 8, the events are
taken from the deita product level of the grammar, discussed above. They have been
organized into three categories - explore, organize, and write.

To display the behaviors of several subjects for purposes of comparison, we have
developed an abbreviated version of the Events-Time Distribution tool. This tool
organizes events into only two categories: planning -- composed of exploration and
organizing events -- and writing -- composed of writing, per se, and revision events.
Figure 9 shows an example screen of abbreviated distributions for four subjects. The
particular classification of events is under the control of the researcher and can be
changed to fit his or her research perspective..

Animation Tools

The protocol data we are concerned with is inherently temporal: events take place
one after the other in time. Consequently, users' strategies can be described as patterns
in behaviors that occur over time. To enable researchers to literally see these patterns,
we are developing a set of tools in which time functions as the independent variable. We
call these time-oriented displays, Animation Tools.

Animation Tools actually refers to a collection of display tools from which the
researcher may select and arrange particular configurations to suit particular needs.
We typically work with a set-up of three coordinated workstations. One workstation
runs a replay of the session being viewed. The displays on the other two workstations
include various data representation windows plus control and configuration windows.
The various windows can be arranged to suit the researcher's preferences. Figure 10
shows a typical configuration for three workstations; we will refer to it in the
discussion that follows.

The left screen in the configuration is the replay display. It is identical to the
replay tool discussed above. Here, it serves as the central clock that coordinates all of
the associated displays. As the events unfold in time on the replay screen, the other
display tools -- shown on the other screens -- update their displays accordingly.

The animated display is controlled by the researcher from the middle screen,
shown in context in Figure 10 and enlarged in Figure 11. The largest window is the
configuration window, in which the researcher selects the particular protocol for
display and the various display tools included in the configuration. Above that is the
control window used to stop and start the replay and, hence, the animation. So long as the
cursor is in this window, the replay will continue and the other windows will update
their displays accordingly; however, the researcher may stop the replay by moving the
cursor to any of the other windows. Two comment windows are shown on the right side of
the screen. They are text editors in which written comments or other data can be noted
and linked to a particular time or event in the protocol. Thus, the researcher may stop
the animated dispiay, by moving the cursor from the control window to one of the
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comment windows, and then write an observation about what was just seen in the
session. When an annotation window is opened, it is stamped as being opened at time T1;
when the researcher no longer wants the comment to be shown, he or she closes the
window and it is stamped as closing at time T2. When the session is replayed at some
future time, the comment will appear and be displayed from time T1 until time T2. The
researcher may set-up any number of comment windows that can be used to record
different kinds of information. Thus, for example, a researcher might have three
separate comment windows in which a transcription of a subject's concurrent think-
aloud protocol is recorded in one, a cued retrospective protocol stimulated by the
subject's viewing a replay of his or her session in a second, and the researchers own
observations in the third. In the future, we will experiment with linking video and voice
displays to the time-line for the session and coordinating display of this information
with the replay.

The screen on the right in figure 10 and enlarged in Figure 12 contains two
additional animated displays. On the left is a dynamic version of the Events-Time
Distribution tool described above. It is similar to the static tool except that as the
session unfolds, the vertical line (shown near the left edge in Figure 12) slowly moves
across the display to the right to indicate the current time and event in the replay. To
the right of the events-time distribution is a second window, showing a vertical slice of
the parse tree produced by the cognitive grammar described above. it shows four levels
of the parse tree corresponding to the cognitive mode, process, cognitive product, and
operation levels of the grammar. In the center column is the grammatical interpretation
for the current event.  The display also shows the preceding and succeeding symbols at
each level of the parse tree. As the replay runs, the information within these boxes
changes. The Parse Tree Display tool enables the researcher to compare the
interpretation produced by the grammar for a segment of a session, as recorced in the
parse tree, with the actual events, as shown in the replay. This capability can be used
for a variety of analytic purposes as well as to validate and refine a particular grammar.

As noted above, specific display tools can be selected and combined in various
ways. Thus, they form an open set; over the next few years, we plan to develop new
displays that can be included within animation configurations.

Data Management

Machine-recorded protocols permit researchers to gather large volumes of data.
This can be a curse as well as a blessing; anecdotes abound of researchers with,
literally, drawers full of keystroke data that have never been analyzed. However,
automated tools, such as the grammar described above, can assist analysis and
interpretation and, thus, help researchers make more effective use of these data.
Nevertheiess, problems remain. For studies of differences among groups of subjects,
researchers must keep up with particular sets of protocols for particular subjects
collected under particular conditions. For longitudinal studies, protocals must be
selected by subject and sequenced according to time of generation. During analysis, the
researcher must keep track of which data has been processed by which fiiters and
programs. And for animated display, consistent sets of data must be assembled and
passed to the system through the appropriate file. Thus, while these problems are an
issue for any human-computer interaction study, automated protocol tools magnify the
need for effective protocol data management tools.

While we recognize the issue, our efforts in protocol data management are still
tentative. To date, we have carried out two projects. The first is development of a
prototype system for sorting, selecting, and sequencing protocols. The second is a
mathematical analysis of these tasks that could provide a formal basis for a
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comprehensive protocol analysis environment we hope to build in the future. Our work
on these two topics is described in more detail in {Hawkes, 1991].

As discussed above, when one of our application systems, such as the Writing
Environment, is being used in a study, the shell in which the program operates is
configured so that individual users' protocols are stored within a particular directory of
the UNIX file system. Each such protocol includes, along with the transcript of the
user's actions, a header that includes information that identifies the particular user, the
time and date when the protocol was collected, and other similar data. Soon after the
recording, the experimental monitor adds additional information to each protocol header,
such as whether the user is an "expert” or "novice” with respect to the task, the judges’
evaluation of the document produced, etc. These data are stored in the header in the form
of attributes that identify the type of information -- e.g., date -- and values that record
particular data -- May 19, 1991. When an experiment is complete, all of the protocol
transcripts for that experiment are stored in the same directory under identitying file
names

We have deveioped a prototype tool to help the researcher sort, select, and
sequence protocols according to particular attributes and values stored in their
respective headers. The tool lets the researcher work with one directory of protocols at
a time. The researcher sorts and/or selects from the set in that directory by
successively designating attributes. Protocols are then ordered or selected according to
the values in their headers for the specified attribute. Each designation of an attribute
produces a further ordering (for a sort) or reduction in the number (for a select) in the
set of protocols. The final ordered/selected set of protocols is represented as a tree, as
shown in Figure 13.

To understand how the tool works, imagine that all of the protocols stored in a
single directory are first represented as a "bushy tree" in which the directory, or the
experiment, corresponds to the root node of the tree and each individual protocol
corresponds to a child node of the parent/experiment. Thus, the tree starts with a depth
of one.

At the bottom of the screen shown in Figure 13, aligned under the column(s) of
child/protocol nodes, is a row of "buttons” marked KEY:7 . .. Key:11. When the user
selects KEY:1, a menu is shown that lists each attribute included in the protocol header
for that experiment, such as subject, date, experience, etc. The user selects one of the
attributes on the menu, such as experience; the system then prompts for sort or select.
It select is designated, the user is prompted for a value, such as expert. The system will
then select only those protocols that include in their headers the attribute, experience,
whose value is expert; all others -- i.e., those for novices -- will be ignored for the
duration. If, instead of select, sort is designated, all of the protocols in the set will be
reordered according to their value for the designated attribute. Thus, by successively
designating select or sort for different attributes, the researcher can select and order
subsets of protocois for particular analytic purposes.

In the example shown in Figure 13, the particular set of protocols is identified as
PTC. From this collection, the researchers has selected protocols for those users
classified as experts and, secondly, those produced on 4 August, 1988. Having narrowed
the collection of protocols to that subset, the researchers has then sorted them according
to two sort keys, applied in sequence. The protocols are sorted, first, on user, then on
scores assigned by human judges -- called grade. This procedure produces the final
sequence of protocols, shown as the ordered leaves of the tree. That sequence can be
changed by going back to an earlier choice/column and designating a different attribute
or value for that column. Once the desired sequence protocols has been identified, they
can then be further analyzed or displayed, as needed.
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The protocol selection tool described above is a prototype. We are in the early
stages of designing a comprehensive system to manage all stages of the analysis and to
help researchers work with large numbers of protocols for both individual users as well
as groups working collaboratively. To provide a well-defined basis for that system, we
have analyzed in detail the formal characteristics of trees of objects ordered or selected
according to attributes and values, as described above. We have also considered what it
means to apply an operator or analytic function to an object, such as a protocol, and
under what conditions operators with particular characteristics can be applied to
protocols or other data with particular characteristics. The result of this theoretical
work is a formal description of sort/select trees of protocol data and associated analytic
operators, described in [Hawkes, 1991].

For example, after selecting/ordering a set of protocols, as described above, the
researcher might apply a filter program to count the number of planning actions in each
protocol and output that number for each protocol. Those numbers could then be divided
into two sets and analyzed using an analysis of variance program to see if one group does
significantly more planning than the other. However, before doing the analysis, we
would like to be sure that the data are suitable for an analysis of variance. For example,
a second filter might produce a distribution of numbers for each protocol, rather than
individual values, by counting and outputing the number of planning actions found per
fixed number of actions or fixed duration of time within a protocol. These data, however,
would not be suitable for analysis of variance, but they might be properly analyzed using
other functions to see whether one group does more early pianning , versus later
planning, in the task than the other group.

The general case, then, is a formal description of attribute-value trees and
attribute-value operators and the conditions under which an operator with particular
characteristics can be applied to a particular ordered set of protocols. While our
mathematical description is oriented toward protocol data, much of the formalism is
general and could be applied to other data with specified format types and semantics and
an analogous set of operators. Thus, for example, we can imagine a general-purpose
direct manipulation interface for a statistical system that would provide graphic icons
for statistical functions and data sets. One could then construct data flow diagrams to
control and/or represent a muilti-stage analysis. By incorporating into the system rules
such as those described above, the system could insure that any given analysis will be
meaningful at least with respect to the organization of the data ard their semantics and a
given statistical function. We have sketched such a design in Young and Smith [1989].

Conclusion and Future Work
Summary

We have described our work in protocol tools and methods done over the past
seven years. More specifically, we have discussed the notion of viewing as a /anguage
sequences of machine-recorded protocol symbols representing users’ actions while they
work with a particular computer system. We pointed out reasons for recording these
data at the level of action, rather than keystroke, and we pointed out some of the
strengths and limitations of this form of data in relation to other forms of protocols,
such as think-aloud reports and video/audio records.

One implication of viewing machine-recorded protocols as a language is that it
leads to the idea of modeling and analyzing/parsing these data with cognitive grammars.
Since such a grammar maps, in a context-sensitive way, users’ actions into symbois
that represent (intermediate) cognitive products, processes, and modes, it can be viewed
as a formal cognitive model of users behaviors for a given task mediated by a given
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computer system. This is a powerful concept, and we can foresee a variety of uses for
such grammars in addition to studying human-computer interaction. For example,
building and refining a grammar could be linked with building and refining the computer
system, itself, leading to a methodology for developing theory-based systems. Grammars
running concurrently while a user works with a system could support a variety of
intelligent, real-time functions, such as invoking context-sensitive help and intelligent
tutoring systems as well as launching background support functions at times appropriate
to users’ current strategies or task conditions. But to be effective, these grammars must
be accurate; we are currently working on strategies and tools to help researchers refine
their grammatical models by comparing grammar-produced interpretations with users’
verbally produced accounts and/or the conceptual products they produce.

We then described a series of special-purpose programs we have developed that
fiter the parsed protocois and extract various quantitative measures. These data, in
turn, are analyzed using a standard statistical package.

Next, we described a set of display programs we have built to help researchers
understand and interpret these data. These tools take two forms: static and animated.
Static tools represent a snapshot of the data for a session of group of sessions. Animated
tools are controlled by the replay function and show the unfolding of an analysis or
interpretation relative to the session as a whole.

Finally, we discussed some of our preliminary work concerned with managing
protocol data, including their analyses and display. Machine-recorded protocols
combined with autor .- tools for their analysis could change the nature of human-
computer studies - iking practical extensive longitudinal studies, studies of
naturalistic behavic: ,, and studies that include large numbers of subjects. At the same
time, automatea techniques aiso raise significant problems in data management. One
could devel~; a separate data management system; however, viewing data management as
the core =ctivity leads to the notion of a comprehensive system for managing all aspects
of protucol analysis -- from initial collection through analysis and display, including
development and refinement of grammars. We have begun designing such a system,
which we hope to build over the next few years.

Methodologicai and Theoretical Issues

Tools and techniques such as these have several methodological and theoretical
implications. A very rich source of insight into complex mental processes have been the
verbal reports of subjects prompted by a researcher to think-aloud as they carry out a
task. However, these data raise significant theoretical as well as practical issues,
including their reliability, completeness, and possibly distorting effects on task
behavior. As we noted above, these effects are expected to be most significant for tasks
that are visual and abstract -- the very conditions created in current graphics-based
direct-manipulation computer systems. Consequently, we badly need a clearer
understanding of the relative strengths and weaknesses of think-aloud, cued
retrospective think-aloud, and machine-recorded protocols. Since the concerns raised
for think-aloud protocols raise basic epistemic issues, designing experimental studies to
probe the effects and validity of thinking-aloud has been problematic. However,
comparing verbal reports with machine-recorded protocols offers an approach in which
these issues can be addressed directly. In the near future, we plan to carry out a study
in which we will have subjects use our system both while thinking-aloud and not
thinking-aloud. We will then compare the two forms of protocols for completeness and
to see if users’ behaviors are different when they narrate their thinking.

A second issue concems the task models we have built in the form of grammars.
These models are defined in terms of modes -- consisting of interdependent combinations
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of goals, products, processes and constraints. In the future, we will attempt to refine
these models in order to make them more accurate and more sensitive; that is, to be
sure we have identified a precise and sufficient set of modes for a given task, comprised
of the right set of components. We will also try to develop more sophisticated rules for
interpreting and predicting shifts from one mode to another, that take into account
user’'s overall strategies and specific conditions in the current mode.

We will also develop additional modal models for other tasks -- specifically,
software development. Writing and software development share many of the same modes,
particularly during planning; during other phases, they have different, but
corresponding modes -- for example, writing, per se, and coding play similar roles.
Consequently, skills developed for one task could transfer to other tasks, once
individuals perceive the relationship. We will probe this issue in a series of dual-task
experiments.

This line of research also leads to a more general notion of a cognitive
architecture -- expressed in terms of modes and strategies -- for describing the large
class of tasks that involve building large, complex structures of ideas. A long-term goal
will be to clarify this architecture by developing and comparing specific modal models
for different tasks.

Group Protocols

The work described above is concerned with the mental behavior of individuals.
We are currently extending our system-building research from computer tools to
support individual users to toois to support groups of users working collaboratively. A
key goal for collaborative work is the development of conceptual artifacts that have the
same consistency and integrity as those produced by individual thinkers under ideal
conditions. However, some groups are much more successful at doing this than others.
To study and to understand this more complex form of intellectual behavior will require
an analogous set of protocol tools for group support systems. It will also require a more
complex cognitive architecturs -- one that characterizes the cognitive and social
interactions of groups of individuals engaged in a more extensive set of modes of activity.
Eventually, we hope that this line of research will lead to a notion of coilective cognition.
While we can partially envision what these concepts will look like, defining them with
sufficient precision for them to be truly useful poses a formidable challenge.
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