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Abstract: Current user interfaces fail to support some work habits that people naturally adopt when
interacting with general-purpose computer environments. In particular, users frequently and persistently repeat
their activities (e.g. command line entries, menu selections, navigating paths), but computers do little to help
them to review and re-execute earlier ones. At most, systems provide ad hoc history mechanisms founded on
the premise that the last few inputs form a reasonable selection of candidates for re-use.

This paper provides theoretical and empirical foundations for the design of a reuse facility that helps people to
recall, modify and re-submit their previous activities to computers. It abstracts several striking characteristics
of repetitious behaviour by studying traces of user activities. It presents a general model of interaction called
“recurrent systems.” Particular attention is paid to the repetition of command lines given a sequential history
list of previous ones, and this distribution can be conditioned in several ways to enhance predictive power.
Reformulated as empirically-based general principles, the model provides design guidelines for history systems
specifically and modern user interfaces generally.

Keywords: reuse facilities, history systems, command-based systems, design principles, human-computer
interaction.

1 Introduction

There is much repetition in computer use. Yet most interfaces offer little help for reviewing and reusing previous
submissions. As a result, users often find themselves retyping command lines or reselecting menu items that
they had entered previously. To relieve the tedium, some systems incorporate a history mechanism that allows a
user to recall old submissions. These are invariably based on the premise that recently entered submissions are a
reasonable working set of candidates to keep available to the user for reselection. But is this premise correct?
Might other strategies work better? Indeed, is the user~computer dialog sufficiently repetitive to warrant some
type of reuse facility in the first place? As existing history mechanisms were designed by intuition rather than
from empirical knowledge of human-computer interactions, it is difficult to judge how effective they really are
and what scope there is for improvement.

This paper assesses the extent to which people reuse their previous activities. Although the idea of reuse is
simple—anything used before may be used again—it is only effective when recalling old activities is less work
for the user (cognitively and physically) than submitting new ones. Consider a user who has submitted »
activities to the system over time (say n > 100) and whose next activity is identical to some previous one. An
optimal reuse facility would be an oracle that correctly predicted when an old action would be reused, and then
selected the correct one and submitted it to the system in the user’s stead. In contrast, a non-predictive system
that merely presents the user with all previous n submissions would be less effective, for the user’s overhead now
includes scanning (or remembering) the complete interaction history and selecting the desired action. Real
systems are situated between these extremes. A small set of reasonable predictions p is offered to the user

(p << n), sometimes ranked by probability. The intention is to make the act of selecting a prediction less work
than entering it anew; the metric for “work™ is, of course, ill-defined.
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Schemes for activity reuse are based upon the assumption that the human-computer dialog contains repetition.
Yet very little critical attention has been given to this assumption. Section 2 introduces a model of human-
computer dialog called recurrent systems, where most users predominantly repeat their previous activities. Such
systems suggest potential for activity reuse because there is opportunity to give preferential treatment to the large
number of repeated actions. A few suspected recurrent systems from non-computer domains are summarized in
this context to help pinpoint salient features.

The remainder of this paper investigates recurrences exhibited by 168 subjects using the UNIX command
interpreter csh. Section 3 describes the method of data collection and introduces some terminology, while Section
4 reviews previous studies on how people enter UNIX commands (as opposed to complete command lines).
However, we believe that studies of commands only have limited utility. As commands often act on objects and
are qualified with options, it is important to look at the command line as a whole.

Next, three questions particularly relevant to reuse facilities are addressed, all concerning the statistics of complete
command lines entered by the user to UNIX. First, how often do users repeat themselves? Section 5 details how
often a UNIX user actually repeats command lines over the course of a dialog. Particular attention is paid to the
variation in this rate between groups and between individuals, and its stability over the number of command lines
entered. Second, how well does recency behave as a predictor of future events? Section 6 gives the probability
distribution that the next command line will match a previous input, measured as a function of the number of
entries that have elapsed from the matched input to the current one. Third, given that people repeat themselves,
what is the best way to predict (and offer for reuse) what will be done next? Section 7 examines several predictive
schemes for reuse through an empirical study that derives the probability distribution of the next activity given a
list of previous ones.

The paper closes by reformulating the study’s findings as empirically-based general principles that govern how
users repeat their activities on computers. These provide a basis for design guidelines for history mechanisms
specifically and modern user interfaces generally.

2 Recurrent Systems

Reuse facilities presuppose that people repeat their activities. But do they do so enough to repay the overhead of
learning and using a reuse facility? And how are these activities repeated? Are patterns of repetitions arbitrary or
system-specific, implying that reuse facilities must be customized to be worthwhile? Or can general patterns be
found in most dialogs, implying the possibility of generic reuse facilities? This section provides evidence for the
latter view by defining a model of human-computer dialog called “recurrent systems.”

An activity is defined as the command formulated by the user and submitted to the system. Its execution is
expected to gratify the user’s immediate intention. Activites are the unit entered to incremental interaction, a
human-computer dialog characterized by successive requests that are submitted to the computer and responded to
in turn (Thimbleby 1990). Entering command lines, querying databases, choosing items from a pallete, and
locating and selecting items in a menu hierarchy are some examples. Copy typing is not, as it is continuous
rather than incremental, and is not a cognitive activity (at least, not for the skilled typist).

A recurrent system is defined as an open-ended system where users predominantly repeat activities they have
previously submitted to the computer. In other words, although many activities are possible, most (but not all)
of a user’s entries are repetitions of their previous ones.

The frequency of repeats, called the recurrence rate, is the probability that any activity is a repeat of a previous
one. Let total activities be the number of all submissions a user has entered, and the vocabulary size be the count
of different submissions in the set. The recurrence rate R over a set of user activities is calculated as:

_ total activities - vocabulary size
total activities

R x100%.

Although many old activities are repeated, new ones are constantly added to the repertoire. The rate at which new
activities are composed and introduced to the dialog is the composition rate C, simply expressed as C = 100 - R.
As there are a very large number of possible activities available, new activity formation within recurrent systems
is open-ended. Even when new activities are continually generated, it is expected that these will remain a small
subset of the activities that could be formed by any one user.

We have performed several empirical studies of recurrent systems. These included information retrieval from
manuals, telephone dialing patterns, UNIX command and command line use (reported in this paper), and the way

Supporting command reuse: Empirical foundations and principles 2 Greenberg and Witten, 1993




people use a functional programming language (Greenberg 1993). From these, we abstract typical characteristics
of how individuals interact with such systems.

1. Many activities are repeated, with the recurrence rate R ranging between 40-85%; the exact value depends
on the application domain and the individual's usage patterns. That is, there is a probability of 40-85%
that the next activity the user submits to the §ystem is an exact duplicate of a previous submission.

2. Recurrent systems incorporate new activities regularly, where the composition rate C falls between 15—

60%. That is, there is a probability of 15-60% that the next activity submitted by the user is novel.

. The set of activities invoked by any particular user is typically a small subset of the total activities

usually available.

4, Although the overall recurrence rate remains fnore or less constant over time, the frequency at which

particular items are repeated over the course of the interaction waxes and wanes.

. The probability of an activity recurring in s (although not linearly) with its recency of selection. That

is, recently-submitted items are more likely to be repeated than those last submitted a long time ago.

6. While there is some overlap, the sets of activities invoked by different users of the system are mostly
disjoint.

7. Different people may repeat the few activities in common at quite different rates.

w

W

This definition and list of properties is not a strong one, for the boundary between recurrent and non-recurrent
systems is not well-defined. Such a boundary specification, even a “fuzzy” one, would be subjective and would
also depend upon other aspects of the system being investigated. For example, time between recurrences might be
a consideration, where short-term recurrences are cov(.inted but those repeated only after long intervals are discarded.
Still, the properties provide a reasonable checklist far judging whether particular systems have potential for reuse.

It may seem that, at least on the surface, recurrent systems are just another way of denoting patterns of behaviour
already well described by Zipf’s law (Zipf 1949). However, major differences exist.

+ Many human-oriented observations characterised by Zipf’s law are based upon data pooled over the entire
population. One study, for example, examined the statistics of all terms used to retrieve items over all
users of two separate bibliographic data bases, and describes how they conform to Zipf’s law (Bennett
1975). Similar large-scale statistics have been applied to many facets of library science; a list is provided
by (Peachey, Bunt and Colbourn 1982). Yet there is no evidence that the same distribution applies to
individuals. Recurrent systems, on the other hHand, are centered around the statistics of activities of
individuals, rather than the pooled statistics of large groups.

« Zipf’s law typically deals with very large numbers, and tends to break down with few observations (see
Bennett 1975 for one example). Recurrent syftems do not break down, and the analysis below shows that
patterns within recurrent system are apparent/within small slices of sequential activities entered by a single
individual.

As Zipf’s law describes a frequency distribution, it does not account well for items that are heavily used in
a short-term interaction but rarely used afterwards, or ones whose frequencies fluctuate over time (point 4
above). Recurrent systems handle this well sijice they emphasise recency as well as frequency of use (point
5).

3 Data Collection Methodology
The remainder of this paper presents our empirical study and discussion of UNIX as a recurrent system, This
section introduces some terminology and describes the way data was collected in our UNIX study.

3.1 Definitions

A command line is a single complete line (up to a terminating carriage return) entered by the user. This is a
natural unit to consider as an “activity” because commands are only interpreted by UNIX csh when the return key
is typed, and the complete line is a more detailed reflection of one’s intentions than just the command itself.
Command lines typically comprise an action (the command), an object (e.g. files, strings) and modifiers (options
that modify the behaviour of the command). The coinmand is the verb of the command line.

A history list is a sequential record of command lines entered by a user over time, ignoring boundaries between
login sessions. Unless stated otherwise, the history list is a true sequential record of every single syntactically
correct command line typed (erroneous submissions noticed by csh are not included). Duplicate activities, for
example, are included.

The distance between two command lines is the difierence between their positions on the history list. A working
set is a small subset of items on the history list. The number of different entries in the history list is the
command line vocabulary. All white space separaung words in a command line are considered equal, so two lines
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that differ only in their use of white space are equivalent. However, syntactically different but semantically
identical command lines are considered distinct.

3.2 Data Collection
Command-line data was collected from users of the csh command interpreter (Joy 1980). The selection and
grouping of subjects, and the method of data collectjon, are as follows.

Subjects. The subjects were 168 unpaid volunteers, all university students or employees.

Subject use. Four target groups were identified, representing a total of 168 male and female users with a wide
cross-section of computer experience and needs. Salient features of each group are described below, while the
sample sizes are indicated in Table 1.

—Table 1 around here—

Novice Programmers. Conscripted from an introductory Pascal course, these had little or no previous
exposure to programming, operating systems, or UNIX-like command-based interfaces. They spent most of
their computer time learning how to program) and to use the basic system facilities.

Experienced Programmers. Members were senior computer science undergraduates, expected to have a fair
knowledge of programming languages and thf UNIX environment. As well as coding, word processing, and
employing more advanced UNIX facilities to fulfill course requirements, these subjects also used the
system for social and exploratory purposes.

Computer Scientists. This group, comprised of faculty, graduates and researchers from the Department of
Computer Science, had varying experience wglh UNIX, although all were experts with computers in
general. Tasks performed were less predictable and more varied than other groups, spanning advanced
program development, research investigation$, social communication, maintaining databases, word-
processing, satisfying personal requirements, and so on.

Non-programmers. Word-processing and document preparation was the dominant activity of this group, made
up of office staff and members of the Faculty\ of Environmental Design. Little program development
occurred—tasks were usually performed with|existing application packages. Their knowledge of UNIX was
usually the minimum necessary to get the job done.

Since users were assigned to subject groups only through their membership in identifiable user groups (e.g.
Computer Science graduate students), their placement in the categories above cannot be considered strictly
rigorous. Although it is assumed that they generally follow their group stereotype, uniform behaviour is not
expected.

Instructions to subjects. As part of the solicitation process, subjects were informed verbally or by letter
that:

data on their normal UNIX use would be monitored and collected at the command line level only;

the data collected would be kept confidential through use of anonymous reference;

at any time during the study period the subject could request that data collection stop immediately;
there would be no noticeable degrading of system performance;

if requested, data collected from a subject would be made available to him or her.

Subjects did not require nor did they receive any additional instructions during the actual study period. No subject
asked to be withdrawn from the experiment, and no-one asked to see their personal data.

Apparatus. A modified version of the Berkeley 4.2[UNIX csh command line interpreter was installed on three
VAX 11/780’s located in the Department of Computer Science and one VAX 11/750 in the Faculty of
Environmental Design, both within the University of Calgary. Many different terminals were available to
participants, most of which were traditional character-based VDU’s. In addition, Corvus Concept workstations
running the Jade Window Manager were available to members of the Experienced and Computer Scientist groups.

1For example, the command lines Is -las and Is -Isa are|treated as different vocabulary items, even though they mean the
same thing. Although this strategy overestimates the vocabulary size, a semantic analysis was deemed too expensive
for the large data set covered.

Supporting command reuse: Empirical foundations and principles 4 Greenberg and Witten, 1993




As with most window systems, these allowed users to create many terminal windows on their display, each
running csh (Greenberg, Peterson and Witten 1986).

Method. Command-line data was collected continuously for four months from users of the modified csh
command line interpreter mentioned above. From the user’s point of view, monitoring was unobtrusive—the
modified interpreter was identical in all visible respects to the standard version. The total number of command
lines recorded per group are listed in Table 1.

Data was collected by recording lines expanded by csh. Instead of catching keystrokes as they are entered, the
complete line submitted was captured as a chunk after it had been entered and processed by csh. Editing operations
that helped form the line were ignored (e.g. backspace and corrected keystrokes). Extra information known to csh
was trapped and recorded as well by placing “hooks” within csh. History and alias use (both features of csh) are
noted, as well as the current working directory of the user and the error status after execution is attempted. More
specifically, login sessions are distinguished by a record that notes the start and end time of each session. Records
associated with each user input are then listed subsequently, each annotated with the command line, the current
working directory, alias substitution (if any), history use and error status. The total number of command lines
collected over the group (excluding errors), and the mean number collected per individual are listed in Table 1.

Data Selection. If subjects did not log in at least ten times and execute at least 100 commands during the
study period, their data was not considered. By these criteria, 12 of the 180 original participants were rejected.

Motivation, Participants used UNIX as usual. Users were neither encouraged nor expected to alter their
everyday use of the system. As subjects had few reminders that their command-line interactions were being traced,
they were largely oblivious to the monitoring process.

Availability and confidentiality of data. All data collected is available to other researchers. A research
report describes its format, and includes a tape of the data (Greenberg 1988). As all subjects were promised
confidentiality, data has been massaged to remove the identity of subjects.

Limitations. Tracing lines expanded by csh is a tradeoff between recording too much and too little
information. Several limitations of our data collection method are noted below.

First, due to implementation difficulties, the details of csh’s history invocations were not recorded. The altered
csh indicates only that history has been used, and notes the command line retrieved through history. It does not
record the actual history instructions used to produce the modification.

Second, user activity outside of cs is not captured. Although recording csh lines works well for batch-style
programs that execute and return without user intervention (i.e. incremental interaction), it does not capture
activity within the interactive applications used (e.g. editors). Interactive information is lost since collected data
captures the csh command line only.

Third, the actual processes spawned by the command line are not noted. There are many ways to execute
programs in UNIX; directly by name, indirectly through an alias or csh variable, or as a suite of programs
through a script. Because of this diversity, users can invoke the same program by many different names. For
example, e, emacs and ed may all invoke the same editor. As only the text typed to csh is collected, the actual
processes executed are left as an educated guess. Still, the method employed here seems a reasonable approach,
especially when contrasted to other methods employed by researchers to collect data on UNIX use (see Chapter 2
in Greenberg 1993 for a comparison of data collection methods).

4. Related Work: Recurrence of UNIX Commands

Several independent researchers have studied how individual commands in UNIX—the verbs of the command
lines—are selected. Statistics have been presented in a variety of ways: as single results pooled over the
population; as comparisons between groups within a population, and as individual pattemns of use. Variables
investigated have been the frequency distribution of commands; the overlap of command sets between groups and
individuals; the growth of command vocabulary over time; and the interactions between sequences of commands.
The significant results of each approach are summarized here. We will argue that the statistics tell us more of
differences between people than their similarities.

Frequency distribution of commands for large groups. Many investigators have examined the
frequency of command usage by a user population, where all individuals are pooled into a single population
statistic (Ellis and Hitchcock 1986; Greenberg and Witten 1988a; Hanson, Kraut and Farber 1984; Peachey, Bunt
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et al 1982). All studies report results approximated by a Zipf distribution, which has the property that a relatively
small number of items have high usage frequencies, and a very large number of items have low usage frequencies
(Witten, Cleary and Greenberg 1984; Zipf 1949). A looser characteristic of this kind of rank distribution is the
well-known 80-20 rule of thumb that has been commonly observed in commercial transaction systems—20% of
the items in question are used 80% of the time (Knuth 1973; Peachey, Bunt et al 1982). Hanson, Kraut et al
(1984), for example, state that 10% of the 400-500 commands available account for 90% of the usage. Greenberg
and Witten (1988a) report a similar finding of 10% of the commands accounting for 84-91% of all activity.

Usage frequency of particular commands between groups. The Zipf distribution of pooled command
use over the complete sample can be misleading. Gréenberg and Witten (1988a) contrasted command use between
the four groups identified in Section 3, and data from Hanson’s similar study (Hanson, Kraut et al 1984). They
found that commands do not necessarily retain their same rank order between different user groups. That is,
although the shape of each group’s distributions are similar, particular commands may appear at quite different
locations between them (if at all). Although there ar¢ several frequently used commands in common for all
groups,? the comparison emphasised the group’s differences in their choice of system utilities, such as compilers,
editors, and task-specific items.

Frequency distribution and command overlap between individuals. These differences between
groups are a reflection of the tremendous differences between individuals within a group. Draper (1984) found that
very few of each individual’s command vocabulary were used by all the population, a few more shared to some
degree by other users, and the rest used by the individual user alone.? Greenberg and Witten (1988a) pursued this
matter further. They found that only 0.2% (i.e. 3) of ithe 1307 different commands entered to the system were
shared by more than 90% of the users. More surprisingly, fully 92% of all shared commands invoked were used
by fewer than 10% of the users, and 68.8% of all commands were not shared at all. Even users with apparently
similar task requirements and expertise had astonishingly little vocabulary overlap.

Size and growth of an individual’s command vocabulary. **(Sutcliffe and Old 1987) suggested that
the size of a user’s command set (the command vocabulary) grows with their usage of the system. They found a
significant correlation between the overall command use by the user and the number of unique commands
employed. Greenberg and Witten (1988a) actually observed vocabulary acquisition by particular users, and noted
that the vocabulary growth rate was quite slow: C=1% or less (R=99%). Vocabulary growth was by no means
regular—Ilong periods of quiescence were followed by flurrries of activity. Although a total of 1307 different
commands were invoked on the system over the period of study, each person used, on average, only 50 different
commands (but the standard deviation was 32.5).

Relations in command sequences. The previous discussion says nothing about possible relations and
dependencies between commands. Through a multivariate analysis of UNIX commands invoked by the site
population, Hanson, Kraut et al (1984) examined the interaction effects between commands. They noted that
some commands follow or congregate around others|in quite regular ways. But the dependencies and clusiering
observed may be an artifact of pooled statistics resulting from, say, a small handful of people using a set of
related commands frequently. Sutcliffe and Old (1987) replicated and extended Hanson’s work by eliminating all
dependencies but those that were significant for at least five or more individual users. The resulting network was
a fragmented subset of the population network. They concluded that only a small number of command chains
were used in common tasks.

Discussion. In spite of the high value of R, command use is not, strictly speaking, a recurrent system, for
new activities are not incorporated regularly (C is only 1%). This summary of the command analyses tells us
more about individual differences between users than their similarities, and the results do not suggest any general
new directions in interface design.

Perhaps undue attention has been paid to command usage. Commands, after all, are only the verbs of the
command line. They also act on objects, are qualified with options, and may redirect input and output to other
commands. These other facets are surely important and should not be ignored. For example, UNIX lines sharing
the same initial command may have completely different meanings. Consider the two command lines below. The
first just sorts a file, while the second produces a frequency count of the identical lines in the file.

sort file

sort file [ uniq —c | sort —r.

2The shared commands mostly concerned the basic UNIX commands for navigating, manipulating and finding
information about the file store.

3Commands in his study were the processes actually executed.
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Another problem is that the same command line maly satisfy rather different intentions. One person might invoke
the UNIX command line Is - to distinguish between ordinary files and directories, whereas another could use the
same sequence to discover file creation dates and sizes (Ross, Jones and Millington 1985). Still, a reasonable
approach to meaningful analysis of UNIX as a recurrent system is to consider the complete command line entered.
Accordingly the UNIX usage data, analyzed here in terms of commands, is re-analyzed in the following sections in
terms of command lines.

5. Recurrences of Command Lines

As mentioned above, command use is not really a récurrent system since C is so low. A different question is
whether complete command lines submitted to command-based environments follow the properties of recurrent
systems. If they do, what patterns do these recurrendes exhibit?

Although only a few commands account for all actions of a particular user, it is not known how often new
command lines are formed and old ones recur. This s important, as it is the recurrence rate—the probability that
the next item has been entered previously—that existing history systems exploit best. One might expect
command lines to recur infrequently, given the limitless possibilities and combinations of commands, modifiers,
and arguments. Surprisingly, this is not the case.

We investigated how often lines are repeated by counting the command line vocabulary size. Let #¢nq fines be the
total number of command lines (activities) entered by the user ( i.e. the size of the history list), and Vg fines be
the vocabulary size, or number of distinct items in that set. The overall recurrence rate and composition rate can
then be calculated as described in Section 2. But first, we have to see how “stable” R is over a lengthy transaction
record.

Do users extend their vocabularies continuously and uniformly over the duration of an interaction? If not, then
the recurrence rate, measured locally, will change over time as the user’s history list grows. Furthermore,
calculating group means for R could be confounded by the large variation between the number of command lines
each user enters, which was noted in Table 1. As Ris a function of Vemg ines and Zong Jiness it is necessary to
investigate how the vocabulary size depends upon the actual number of commands entered. If users never extend
their vocabulary after some short initialization periad, little correlation with #epg jines is €xpected. On the other
hand, a strong correlation is likely if new command lines are composed regularly by a user.

A simple regression analysis was performed by contrasting femg jines a0 Vemd lines for each subject. The
regression line is plotted in Figure 1, where each point in the scattergram represents the value observed for each
subject at the end of the study period. A statistically significant and strong correlation was found (r = .918, df =
167, p < .01). The moderate slope (C = 23%) of the regression line makes the correlation practically significant
as well.

—Figure 1 around here—

It seems reasonable from the scattergram of Figure | that v g jins increases linearly with ¢4 fines, indicating
that the recurrence rate is independent of the actual number of lines entered. This was checked in two ways. The
first was a simple regression analysis of g jines With R, where each point represents the recurrence rate observed
for each subject at the end of the study. A statistically significant correlation was found (r = .253, df = 167, p <
.01), indicating that the recurrence rate increases with the number of commands entered. However, the high
variance of data points around the line (+2=.064), and its low slope (0.002), makes this finding insignificant for
practical purposes. Consequently, R is considered independent of #.,4 jines-

The second and perhaps more convincing way of observing the independence of the recurrence rate is by
examining in detail the vocabulary growth of particular individuals as opposed to the group statistics. The
formation of new command lines is surprisingly lin¢ar and regular, as illustrated by Figure 2, which shows the
command line vocabulary growth for four typical users, one from each group. The horizontal axis represents the
number of lines entered so far, while the vertical axis indicates the size of the command line vocabulary. For
example, the scientist subject has composed close ta 1400 new command lines after 6000 lines were entered.

—Figure 2 around here—
Table 2 lists the mean recurrence rate, standard deviation, and ranges of R for each subject group. An analysis of

variance of raw scores rejects the null hypothesis that these means are equal (F(3,164)=21.42, p<.01). The Fisher
PLSD multiple comparison tests suggests that all differences between group means are significant (p<.01),
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excepting the Non-programmers versus Scientists. As the Table indicates, the mean recurrence rate for groups
ranges between 68% and 80%, with Novice Programmers exhibiting the highest scores.

—Table 2 around here—

Although recurrence rate depends upon user category, and very slightly on the number of command lines entered,
it is reasonable to simplify this descriptive statistic by assuming the mean R over all users to be 75% and C of
25%, independent of £cu4 jines- In Other words, an average of three out of every four command lines entered by the
user already exist on the history list. Conversely, an average of one out of every four command lines appears for
the first time,

6. Command Line Frequency as a Function of Distance

For any command line entered by a user, the probability that it has been entered previously is quite high. But
how do previous items contribute to this probability? Do all items on the history list have a uniform probability
of recurring, or do the most recently entered submissions skew the distribution? If a graphical history mechanism
displayed the previous p entries as a list (e.g. HISTMENU, Bobrow 1986), what is the probability that this list
includes the next entry?

The recurrence distribution as a measure of distance was calculated for each user. First, let R, 4 be the recurrence
rate at a given distance for a single person, obtained by processing each subject’s data. Figure 3 shows the
algorithm used to obtain all values of R; 4 from a subject’s trace. The mean recurrence rate for a given distance d
over all § subjects in a particular group is then calculated as:

y
Rg= szRs,d
s=1

These group means are plotted in Figure 4a. The vertical axis represents Ry, the rate of command line
recurrences, while the horizontal axis shows the position of the repeated command line on the history list relative
to the current one. Taking Novice Programmers, for example, there is a R4y = 11% probability that the current
command line is a repeat of the previous entry (distance = 1), R4,=28% for a distance of two, Rg;=9% for three,
and so on. The most striking feature of the Figure is the extreme recency of the distribution.

~Figure 3 around here—
—Figure 4 around here—

The previous seven or so inputs contribute the majority of recurrences. Surprisingly, it is not the last but the
second to last command line that dominates the distribution. The first and third are roughly the same, while the
fourth through seventh give small but significant contributions. Although the probability values of R4
continually decrease after the second item, the rate of decrease and the low values make all distances beyond the
previous ten items equivalent for practical purposes. This is illustrated further in Figure 4b, which plots the same
data for the grouped total as a running sum of the probability over a wider range of distances. The running sum of
the recurrence rate up to a given distance D for a single person is called Rp. Its mean value over a group of
subjects is calculated as

82
RD=§ZZR d
s=1d=1

As Figure 4b shows, the most recently entered command lines on the history list are responsible for most of the
cumulative probabilities. For example, there is a Rp, ;=47% chance that the next submission will match a

member of a working set containing the ten previous submissions (Rp, is an abbreviation of Rp with D=10).

In comparison, all further contributions are slight (although their sum total is not). The horizontal line at the top
represents a ceiling to the recurrence rate, as C = 26% of all command lines entered are first occurrences.

Figure 4a also shows that the differing recurrence rate between user groups, noted previously in Table 2, are
mostly attributed to the three previous command lines. Recurrence rates are practically identical elsewhere in the
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distribution. This difference is strongest on the second to last input, the probability ranging from a low of 10%
for Scientists to a high of 28% for Novice Programmers.

The statistics of UNIX csh use, as with the other recurrent systems mentioned in Section 2, indicate that the most
recently submitted activities are the most likely to be repeated. These statistics confirm the potential of reuse
facilities in general, and verify the assumptions of using recency made by many existing history mechanisms.

7. Increasing the Opportunities for Reuse in UNIX csh

In the last section, particular attention was paid to the recurrence of command lines during csh use, and to the
probability distribution of the next line given a sequential history list of previous ones. We saw that the most
striking feature of the collected statistics is the tremendous potential for a historical reuse facility: the recurrence
rate is high and the last few submissions are the likeliest to be repeated. One may predict with a reasonable degree
of success what the user will do next by looking at those recent submissions.

Yet there is still room for improvement, since a significant portion of recurrences are not recent submissions.
For example, consider a working set of the ten previous items on the csh history list that is displayed to a user
for selection. Although there is a Rp,, = 47% chance that the next command line can be successfuly predicted by

this display (Figure 4b), there is still a 27% chance that it last appeared further back. When combined with the C
=26% chance that the next submission has not appeared before, then the history list will fail to be of any benefit
53% of the time. Can predictions of the user’s next step be offered that betters these figures?

This section proposes alternative strategies of arranging a user’s command line history to condition the
distribution in different ways, firstly to increase the recurrence probabilities over a working set of a given size,
and secondly to improve the overall “quality” of predictions offered. Each method is applied to the UNIX traces,
and their predictive quality is measured and contrasted against each other. The following subsections: explain how
quality is assessed; describe a variety of conditioning techniques; and apply these conditions to the traces that
have been collected.

7.1 The quality of predictions

Predictions of activities for reuse are only effective when the search for and selection of an offering is less work
for the user than submitting it afresh. Work is therefore used to measure prediction quality. The smaller the
amount of work required for reuse as opposed to resubmission, the higher the quality of the set of predictions
offered. The selection of a high-quality prediction either reduces the cognitive effort of reconstructing the original
activity or minimizes the physical work required to enter that activity to the system.

There are several ways to calculate the “work” involved between reuse versus resubmission. First, we can observe
users interacting with a particular reuse facility; the catch is that the results may be heavily dependant on a
particular implementation. Second, we can model the task by cognitive modelling methods such as GOMS (Card,
Moran and Newell 1983), which takes into account mental and physical operations. While the results may be
more general than those supplied by a usability study, the operations are still tied to a particular style of
interaction. Lee (1992) used GOMS to generate predictions about the mental and physical effort involved with
several different styles of reuse facilities, and concluded that:

« reuse is indeed a tradeoff of more cognitive effort for sclection versus less physical effort for typing;

« increased mental effort may be alleviated by designing history tools favouring simple mental operations;

» non-expert typist using history tools expend less overall effort.
Because physical work is an essential parameter within this model, reuse facilities that are good predictors will
lessen the overall amount of work required of the user. This leads to the third method that we use in this paper.
We calculate a metric for work that accounts for both how well a reuse method predicts the next submission, and
how many characters will be predicted per submission. This relates directly to the sizes of lists a user must scan,
and the amount of typing that may be saved. While the metric does not indicate if the tradeoff of reuse versus
resubmission is worthwhile, it does allow as to contrast a variety of prediction methods.

The metric for work introduced here is called Mp, and comprises two components that estimate a prediction’s
quality. The first is Rp, the probability that the desired item appears on a displayed list of length p = D. Its

calculation was given in Section 4. The second, called ¢4, is the average number of characters saved by reusing
the matching activities at exactly a particular distance d. Incorporating string length as a partial indicator of work
assumes, of course, that longer strings are harder to recall and re-enter than short ones. Mp indicates the average
number of characters saved over all submissions when repeated activities are selected from a list of candidates of
length D. By using Mp, predictive methods can be numerically compared and ranked accordingly.
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