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ABSTRACT this enough flexibility? Is this the natural understanding of

While various models of undo have been proposed over theundo that users come to our applications with? If it is not
years, no empirical study has yet been done to discovernatural, what mechanism for undo should replace it, in what
which model of undo most closely aligns with what usexs contexts, for which users?

pectan undo command should do. In this paper, we discuss

the results of such a study that compares the ubiquitous lin-As part of a larger research program, we are attempting to
ear undo model with two variations of selective undo: script address these questions. In this paper, we present our re-
selective and cascading selective. Unlike the script model, cently completely empirical study that was designed to help
cascading selective undo takes into account dependenciesls answer whether linear undo is natural to users. In the
between user actions. Our study shows that, for the appli- study, we explicitly compare two alternative approaches to
cation studied, when a user is asked to perform undo in thelinear undo that were designed to address perceived short-
absence of any guidance, the user will tend to gravitate to- comings of the linear model.

ward an undo mechanism that uses existing dependencies

between user actions. Specifically, we show that subjectsDespite the predominance of the linear model in current soft-
prefer the dependency-aware aspects of cascading undo ovevare, there is little empirical evidence that this model of

either linear or script selective undo. undo is the most helpful to users or even if this model is
consistent with what users have in mind when they think
Author Keywords about the. meaning of undo in a specified application. In
keywords: undo, selective undo, linear undo, empirical eval- fact, the linear model seems to us to be far too restrictive
uation. to be useful to users. It seems natural that a primary ben-
efit of an undo mechanism is that it can encourage a user
ACM Classification Keywords to explore — if the user can readily return to previous states,

the user can execute commands without fear of losing valu-
able work. And yet, linear undo does not allow freedom of
exploration. Consider a word processor user who wants to
change a document from a current state¢o another state

B, but is unsure of the exact steps she should take to accom-
plish this. It would be preferable for the user to be able to
perform a series of tentative steps frofntowardss all the
INTRODUCTION AND STATEMENT OF THE PROBLEM while knowing that she could return to stateat any time

In most commercial applications which support an undo fea- i yndo — even if other unrelated tasks, such as the changing
ture, the implementation follows a linear model. In this f 5 word at the behest of the spell checker, were performed
model, the most recently performed action is the one that gy ing the exploration process. Selectively undoing the ten-
is undone. If a history list is supported, when a user re- tative steps without changing the spell check results allows
quests some actiad; be undone, all actions recorded inthe  for greater flexibility, and therefore promises to encourage
history list afterA; will be automatically undone by the sys-  1ore exploration than the linear model allows.

tem. This is clearly an improvement over requiring the user
to repeatedly undo actions starting with the most recent andgg_while linear undo has become thefactostandard, oth-
proceeding backwards through the history list until the de- ers have introduceseelective undanodels that have advan-
sired action is reached. The history list provides the user tages over the linear model in certain contexts [2,4]. In a
with a more flexible way of interacting with the system. IS selective undo model, the user can undo an arbitrary action

from the history list without necessitating retraction of all
subsequent actions. It is believed that this will be easier for
users to use as compared to the linear model. Is that true?
Is a selective undo model preferred by users over the linear
model? Is selective undo what users have in mind when they
think of undo? In this work, we undertake a study to find
out.

H.5.2 [Information Interfaces and Presentation]: User Inter-
faces — Evaluation/methodology, Theory and methods; H.1.2
[Models And Principles]: User/Machine Systems — human
factors, human information Processing; General Terms: De-
sign, Experimentation, Human factors



Note that there is no agreed-upon semantics for selectiveA, ..., A, the state of the document after the selective un-
undo. In fact, there are competing models in the literature, doing of stepA; is equivalent to the state of the document
each of which purports to be a natural model that users will had it undergone the steps, ..., A;_1, 4;11, ..., A, in that
find easy to understand and work with. These competing order. In other words, the end result is as if theser actions
models differ in many ways, but one primary way is in how of the “script” had been executed with tité step removed.
they account for dependencies between actions in the historyThis does not take into account possible dependencies be-
list. Some selective undo mechanisms ignore dependenciesween actions iM4;,1, ..., A,, and the action4; to be un-
between actions, essentially assuming that user actions arelone.
independent of each other. While it is clear that user actions
are not completely independent of each other, it is still possi- Cass and Fernandes [5], on the other hand, describe what
ble that users don't think of dependencies, nor want to, when they callcascading selective und@nlike the script model,
considering undo. However, others have argued that depen-cascading selective undo uses semantics about dependencies
dencies are important and must be accounted for. Whichto determine if other actions besides the one chosen by the
of these approaches best fits users’ mental models? Whichuser should also be necessarily undone to return the docu-
selective undo mechanism is preferred by real users? Ourment to a viable state. In general, if actidp is chosen to
study attempts to address these guestions by comparing twdye undone under this model, and subsequent aetjds de-
selective undo mechanisms with the prevalent linear model. pendent or4; having been successfully executed, then

is also undone.A; depends ord; if A; requires an out-
In the following section, we describe the comparison ap- put produced byA; or if the application developer defined
proaches and other relevant related work. We then describean a priori dependency between the two actions. They re-
the current study, including instrument development, sam- fer to the first case as a data dependency, while the second
pling techniques, threats to validity, and hypotheses. We case is called a control dependency. As an example of a con-
then present and discuss results before concluding and distrol dependency, consider two actions that a user performs
cussing future work. on an Automated Teller Machine (ATM): entering the Per-

sonal Identification Number (PIN) and entering the amount

to withdraw. The PIN will only be validated immediately
COMPARISON APPROACHES AND RELATED WORK before the committing of the transaction. However, for se-
Selective undo, while not widely implemented, is not a new cyrity and usability reasons, the application designer has de-
concept. It was first proposed by Berlage [4] over ten years cided to request the PIN first. That is, an ordering has been
ago. Myers and Kosbie [7] assumed Berlage’s semantics andexternally imposed on the two subtasks, even though there
studied the model more formally. By implementiogm- is no semantic relationship between them. Thus, there is a
mand objectsn their Amulet user interface, Myers and Kos-  control dependency between entering the PIN and entering
bie organized user actions into a hierarchy which allowed the amount to withdraw even though there is no data depen-
higher-level commands to be invoked by lower-level com- dency. It is these control and data dependencies that cause

mands. Their system not only supported selective undo, butcascading in the undo algorithm presented by Cass and Fer-
selective reusability of arbitrary commands on new objects. pandes.

This type of Versati”ty is not available in the linear model Dependencies are recursive|y Computed’ so thatk”’de_

and provides a means for undoing actions in collaborative pends ond;, and 4, depends om,, then 4, depends on
environments. Note that in a collaborative environment, 4. A, is said to be in the cascade of actions to be undone
some sort of selective undo is required, because a linear und@yhen 4, is undone. This approach seems promising to us
would be confusing to users. Consider the case where a usepecause it provides the flexibility of a selective undo mech-

has just completed an action that they decide to undo. If an- anism while at the same time recognizing that user actions
other user performs an action in the mean time, undoing the gre dependent on one another.

most recent action that is seen by the system will cause the

wrong action to be undone. Therefore, at least from the point

of view of a global history list, the system must undo a task THE STUDY

that was not the most recently executed. In other words, aThe goal of this study is to determine which undo mecha-

selective undo is required. Several selective mechanisms fomism is a more natural choice for users. That is, we wish

collaborative systems have been suggested [6,8-10]. Thes¢o know what model users choose when not restricted by

are, of course, more difficult to implement. As a result, in the application they are trying to use. While the cascading

these systems any semantic constraints on how one action’snodel seems to have advantages, and we think it is worth at-

retraction may affect other actions are embedded into the al-tempting to implement it for some application domains, we

gorithms internally. think this is only warranted once we know something about
how natural it will be for users to understand and use it. Be-

Itis these dependencies between user actions that we will fo-cause, to the authors’ knowledge, no empirical work sug-

cus on here. Some proposed selective undo models (implic-gests that users find any particular undo model most natural,

itly) assume that there are no dependencies or that they willwe choose to undertake a descriptive study as a first step.

be handled separate from the undo mechanism itself. Con-

sider, for example, thecript model, discussed by Archer In the study, subjects are asked to perform a task in which

et al [2], which works as follows. Given user actions, they must perform undo. By observing how they choose to



Steps taken to create lower half. In the upper half, three shapes were predrawn for

this picture: the subject before the subject was allowed to see it: a square,
1.) Draw Circle a triangle, and a filled circle. A researcher hand-drew these
2.) Draw Square shapes for a day’s worth of subjects at a time. The figures
3.) Draw Triangle . . .
1) Color Circle were always drawn in the same positions. To the right of
i E the frame in which these shapes where drawn, the following
explanation appears:

Steps taken to create this picture:
1. Draw Circle
e 1

2. Draw Square
3. Draw Triangle
4. Color Circle

In the lower half is a blank frame identical in size to the

Assume you have

already done the steps frame in the upper half. To the right of this frame are the
dhove. Draw what following instructions to the subject:

Z}utcomc should be if

;Ygr‘)je"e to undo Assume you have already done the steps above.

Draw what you think the outcome should be if you were
to undo step 4.

The only difference between this and the second instrument
is that the other task asks the user to undo step 1 instead of
step 4. In each case, subjects were asked to draw what they
believed would be the results of the undo.

We felt that a paper-based set of instruments would be
preferable to a computer-based set of instruments for several
Figure 1. The instrument given to subjects for the undo ~ F€asons. First, we wished to de-emphasize the idea that the
task. undo concept was tied to a specific implemented application.
For those familiar with undo in particular applications, espe-
cially painting programs, such an instrument may bias sub-

undo, we will learn what forms of undo are most natural. jects into thinking that we are searching for their knowledge
Our goal is to define a flexible task in which there is more about how undactually works in such an application in-
than one possible undo mechanism that subjeatehoose,  stead of thinking about how they wouide it to work. Sec-
and then determine what subjecks choose. We will then  ond, an instrument where the subject was required to draw
learn which of the possible mechanisms are most coherentthe results allowed each subject more freedom to implement
with users’ mental models. The task will be designed to the undoing in the way she wished. We would then have a
compare linear, script, and cascading undo models. record not only of what was drawn, but where and how it

) ~was drawn as well. As will be discussed in the next subsec-
We hypothesize generally that one of the undo mechanismstion, the recording ohow the shapes were drawn became
will be preferred over the others. Specifically, we predict an issue in the pilot study. This facet would have been diffi-
that linear undo, because of the restrictions that it places oncylt to record in a computer-based instrument. Third, since
the user, will not be the preferred choice of many subjects. the two forms of selective undo mentioned are not widely
We do not know which of Cascading and Script will be most imp|emented’ a custom imp|ementation of a drawing pro-
pTEferred, but we prEdiCt that one of them will be preferrEd. gram or else a Wizard of Oz experiment would have had to
be used. The paper-based instruments allowed us to set up

In the rest of this section, we describe the instruments we the study quickly while providing the other benefits already
have designed for this task and give details of how we carried mentioned.

out the study before we restate the hypotheses in terms of
specific measures from the study and then discuss threats tqyote that, with this instrument, we do not directly compare

validity. cascading selective undo with the script model to the fullest
extent because the instrument does not give subjects any in-
Instruments formation about priori dependencies between user actions.

The study consisted of two instruments, both paper-based,There is clearly a dependency between step 1 and step 4 in
involving the drawing of shapes in a prespecified area. Fig- the task, but it is a data dependency — the circle drawn by
ure 1 shows one of the instruments in its initial state. Each step 1 is used as input to the coloring operation in step 4.
instrument was roughly divided into an upper half and a However, the current study does address an important ques-



tion — namely, do users want an undo mechanism that makes first—yearaJ 4

use of dependencies between user actions? We felt that ad- sophomore (second-year)L0

dressing this question was a clear first step toward evaluation junior (third-year)| 8

of cascading and script models for undo. Furthermore, in or- senior (fourth-year) 6

der to test subjects’ use afpriori dependencies, we would not answered 1

have had to give them training on those dependencies. We total | 29

feel this would risk biasing subjects in favor of a cascading

model. Table 1. Frequencies for college year, based on expected

graduation date, for subjects in the study

Pilot Study

Before arriving at the final instruments described above, we
ran a pilot study to determine initial flaws in our design.
Specifically, we wished to determine the wording to use in
the directions. We wanted to avoid, as much as possible,
biasing the subjects in favor of one particular mechanism
for undo. We worried that if we asked subjects to “undo”
a step, they might be biased from previous experience wit
implemented applications into thinking that their task was to
“undo” as they had come to expect it, not ashibuldbe.

Setup of the Study

With the instruments designed, we proceeded to carry out
the study. The empirical study was run on subjects who were
kept anonymous in the analysis of the results. This was done
by assigning each subject a number and then keeping a pri-
h vate list of the subjects’ names linked with their correspond-
ing number. One of the authors observed all of the sessions
with subjects and was the only person to know the identities
of the subjects. This observer was not involved in the actual
We therefore created two versions of our pilot instrument, @nalysis of the data and at no time gave the list of subject
one that asked subjects to “undo” steps and another thatdentities to the other authors.

asked subjects to “reverse the effects of” those same steps. T . .
We created four drawing instruments identical to the ones | N€ observer met each subject individually in a quiet study

described, except for the phrasing of the instructions. The 0Unge. Subjects were not given any training or introduc-
first instrument reads: tion to the instruments beforehand, though each was given

a short written paragraph explaining the expected duration
Assume that you were given the list of steps above. ~ Of the session (30 minutes), the ability of the observer to

Draw what you think the outcome should be if youwere ~ @NSWer questions in such a way that only clarifies the in-
to reverse the effects obtep 4. structions, and an assertion that the subject was not being

tested in any way. With this sheet, they were also given a
A second instrument had identical instructions, but step 1 Standard consent form which each subject read, signed, and
was to be reversed instead of step 4. The third and fourth dated. The observer then.gave the subject th_e f|rst_ of two
tasks were identical to the first two excepiitlo” replaced task sheets, sat off to the side so as not to be distracting, and
“reverse the effects 6f The alternative wordings were 00k notes on how the task was performed. When the sub-
boldface. We gave these four sheets in random order to four/ect was done with the first task, it was collected, the second
test subjects. Unlike the larger study which followed, we Was given, and the observer recorded the time taken for the
had subjects think aloud as they answered the questions.  firstusing awatch. The same was done with the second task.

The observer administered the two tasks in random order.

We made two decisions due to the results of the pilot study. i _ _

First, it became apparent early on that the test subjects weré-0llowing completion of the tasks, the subjects were asked
not confused by “undo”, but were very confused by “re- 1o fill out a questionnaire. The questionnaire asked the sub-
verse the effects of”. To reverse the effects of step 1, onel€Cts to provide information regarding their general com-
pilot subject colored in the background of the frame, leaving Puter use, their experience with undo, and their reactions to
the shapes unfilled, thus producing a negative image. An-the specific questions in the study

other altered the positions of the shapes by reflecting about

an arbitrary axis. Still another reversed the way the shapesgampjing

were d(awn (drawing the circle.clqckwise instgad of counter- Subjects were encouraged to participate by paying them $20.
clockwise, for example.) To eliminate confusion, we there- e recruited subjects via flyer, email, and announcements in
fore chose to use solely “undo” in the directions when the \4rious classes. Specifically, announcements were made in
tasks were given to the larger test pool. an introductory course for computer science majors, a com-
puter literacy course for non-majors, and a critical think-
ing and writing seminar taken only by first-year students.
espite the fact that we solicited subjects in courses where
omputer use is emphasized, a broad range of subjects actu-
ally participated. In total, twenty-nine subjects participated:

The second result was to change the instructions to more
clearly indicate that the upper half of the instrument (the
original user actions) had already been executed. We wishe
to make it clear that only completed user actions are chosen
to be undone.

1In general, subject reactions were not noteworthy. The most com-
mon reaction indicated that many subjects had to pause to contem-
plate the meaning of undo, which is what we hoped they would
do.



courses for computer science majors3 the circle to disappear completely, leaving just a square and
non-traditional introduction to programming 3 a triangle, because the coloring of a circle depends on there
general education computing coursegt being a circle to color. Two subjects produced responses
no computing courses 18 that deviated from the above scenarios. They were coded as
not answered 1 “other”.
total | 29
Hypotheses

Table 2. Frequencies of subject responses to a question

. The overall design of the study, therefore, was to use the
about previous computer-related coursework

above-mentioned instruments as instructions for tasks that
subjects performed. The subjects drew what the drawing
four freshmen, ten sophomores, eight juniors, and six seniorsShould look like after the undo operation is completed — in
(see Table 1). One student did not give a class level. essence the subjects simulated execution of their own model
for undo. We are only interested in the task in which subjects
Table 2 summarizes subject responses when asked whayere asked t_O undo step 1, b_ecause for that task, there were
computer coursework they had. Notice that the vast majority Several possible undo operations:
did not list any computer-related coursework at all, and few _
of those that had coursework reported having taken coursed-inear Undoing stepr causes all steps after stepto be
designed for computer science majors. Note that Union Col-  undone.
lege offers general education courses such as the compute
literacy course previously described and a course on history
of computing. Union also offers non-traditional introduc-
tions to the computing field such as a course in MATLAB

for engineers and a course dealing with introductory pro- cascadeUndoing stepr causes the undoing of all steps that
gramming with multimedia files. depend on step having already completed.

écript Undoing stepr causes the drawing to be in a state
consistent with the state reached by executing all steps
other thanz.

When asked about previous background with computer ap-yye expected that one of these methods would be preferred
plications, the vast majority, twenty-six, said they worked yer the others. In other words, the frequencies of the dit-
with Microsoft Office products, suggesting that very few ferent methods were expected not to be equal. We therefore

subjects lack experience with. applig:ations that_ impIement expected to be able to reject the null hypothd#ig1) with
some form of undo. In fact, six subjects specifically listed 55hq |evel af.05:

experience with the drawing tool Photoshop, which allows

users to interact more directly with the command history Hy(1) (f!’equencie_s are equal): _Subjects_will
than other applications. Note that all of these applications choose linear, script, and cascading selective undo
implement linear undo, so if the sample is biased, it is bi- with equal frequency.

ased in favor of linear undo. We planned that if we found that this hypothesis could be

We also recorded the subjects’ previous experience with rejected, we would the_n proceed to test further hypotheses.
undo, specifically asking in what ways they executed undo in The next two concern linear undp. Researchers that have de-
computer applications. Sixteen subjects said that they picked"€l0Ped selective undo mechanisms (e.g. Sun [10], Prakash
undo from a menu. Three said they used a toolbar but- 2nd Knister [8], and Berlage [4]) clearly do not think that
ton. Thirteen used a keyboard shortcut (typically, Control- lin€ar undo is a natural concept. It restricts the user un-
2). Note that with a keyboard shortcut, only linear undo is Necessarily. We agree that linear undo is only easy for the

possible. For this question, several subjects listed multiple 2PPlication developer — the user probably does not think of
undo methods. their actions in the chronologically restricted way that lin-

ear undo enforces. Therefore, we expected that linear undo
would be preferred less than the other two. We therefore ex-
pected to be able to reject the following null hypotheses with
one-sided tests:

Variables and Measures

Our study had one dependent variable: the type of undo the
participants performed. The same tasks were given to all , . . . .
participants, and we coded their choice of undo as one of  Ho(2) (linearvs. script): Subjects will choose lin-
four values—linear, script selective, cascading selective, or ~ €&r undo and script selective undo with equal fre-

other. quency.
_ _ _ Hy(3) (linear vs. cascade):Subjects will choose
The instrument where Step 1 (Draw Circle) is to be un- linear undo and cascading selective undo with equal

done produces different results depending on the undo model  frequency.

used. A linear undo should result in an empty drawing, since

step 1 and the remaining 3 should all be undone. Under theHowever, a more interesting hypothesis regards the natural-
script model, the final three steps should still be executed. ness of different kinds of selective undo. We did not know
The step of coloring the circle without first having drawn it which selective model would be most natural to users, but
is manifested as a filled-in region in the shape of a circle, but we suspected that subjects would generally have a prefer-
lacking the outline of the circle. The cascading model causesence either for using dependencies or not using them when



18 (64%) have contrived tasks for them to perform. The tasks them-
selves might not be representative of real tasks, for several
reasons. First, the tasks are designed to be relatively simple
so that they can be completed within the laboratory study,
and they might therefore be simpler than tasks real users per-
form — and the increased complexity of the real tasks might
encourage different mental models or different user behav-
ior. In addition, real users are not likely to perform simple
tasksin isolation — they perform tasks as part of a larger

7 (25%) project. Our empirical study does not simulate this. Also,
like most laboratory studies, we do not know to what ex-
tent the subjects’ behaviors are affected by being measured
(the Hawthorne effect). With the present study, we choose

2 (7%) a laboratory setting because of the control it gives us. Fu-
1 (4%) ture work will take a more ecological approach to ameliorate
] these risks.
linear script  cascade  other In the Instruments subsection above, we presented our rea-

sons for using paper-based prototypes in this study. We
Figure 2. Frequencies (and percentages) with which each ~ should point out here that this introduces a risk that the re-
of the undo models was chosen by the subjects in our  sults will not generalize to computer-based applications. It
sample (N = 28) is possible that users behave differently or adopt different
mental models when using a computer application. We make

_ ) these decisions knowing that there is this risk, which will be
simulating undo. Therefore, we expected that they would gddressed in future work.

find either the script model, as defined by Archer et al [2], or
the cascading model, as defined by Cass and Fernandes [5].rhlreats to Construct Validity

most natural. We therefore expected to be able to reject the . . .
; ) In this study, we are attempting to discern the naturalness of
null hypothesisi(4): . - - o
linear and selective undo mechanisms. However, it is pos-

Hy(4) (script vs. cascade):Subjects will choose sible that we only measure the subjects’ understanding of
script and cascading selective undo with equal fre- drawing programs, not their desires for undo in general. We
guency. do not think this is likely because almost all of the subjects
- are familiar with typical office applications — the subjects
Threats to Validity are not likely to have been confused by a task related to a
Threats to Internal Validity drawing program.

This study is designed to minimize threats to internal valid-

ity. By keeping the tasks the same for the different subjects, Note also that we purposefully did not tell the subjects that
and randomizing the order that the tasks are done, we mini-the task represented a computer application — and hand-drew
mize the chance that the results we find are due to an artifactthe figures so as not to accidentally encourage them to think
of the study design. Therefore, any differences we find are in that way. We think this makes the results more appro-
very likely to be real differences between the subjects on the priate — instead of measuring what subjects think existing
variables we measure. Note also that we did not assign thecomputer applications do, we more accurately measure how
subjects to groups, so there are no internal validity threats they want undo to behave.

related to group selection.

RESULTS AND DISCUSSION
Threats to External Validity For the task where Step 4 (Color Circle) is to be undone,
To ensure high likelihood that the results from our sample all three undo models (linear, script selective, and cascading
hold for the general population of computer users, we have selective) produce the same result. The point of this task
attempted to get a representative sample of students across to ensure that subjects understood the definition of undo
our campus. As discussed above, the subjects in our sampleorrectly. One subject misinterpreted the task in a similar
have similar experience with undo, and relatively few of the way to one of the pilot study subjects (though the two subject
subjects have taken any computer science classes. In thgroups were disjoint.) Namely, the subject drew the shapes
end, the sample is perhaps not as representative as we woulth reverse order. That subject’s data is therefore not used in
like, as it has a higher than proportional number of computer the remaining analysis.
science majors. However, given that no subject is likely to
have any experience with a non-linear undo mechanism, thisAfter coding each of the responses of the remaining 28 sub-
does not seem such a large threat. jects based on our interpretation of whether they performed
linear, script, or cascading undo, we find that 1 used linear, 7
There are also risks that the results do not generalize to real-used script, and 18 used cascading, while 2 gave a response
life situations. In order to focus the responses of subjects, wewe could not code (see Figure 2). The graph seems to sug-



| | Cascadg Script |

o
Min | 0.3261 | 0.800 0
First Quartile| 0.9028 | 1.091
Median| 1.1670 | 1.750
Mean| 1.5400 | 1.815 <
Third Quartile| 1.6250 | 2.236 £
Max | 5.2500 | 3.500 = ;
Table 3. Summary of time ratio (I3 /T,) for cascade and =
script subjects 9 ‘
g o |
gest a large difference in the frequencies of these different - ‘
responses, with cascade being preferred in our sample al- ! —
most two-thirds of the time, and linear preferred almost not —
at all. A x? test confirms that it is highly likely that the T T
real distribution of the frequencies is not uniform between Cascade Script
the four possible valuesct = 26, df = 3, p = 0.00001).
V\t/% g;)erefore reject null hypothest (1) with alpha level  gigyre 3. Summary of time taken for subjects to “exe-
at0.05.

cute” cascade and script undo models. The y-axis is the
ratio of the time the subject took to undo step 1 73) ver-
sus the time that same subject took to undo step 4I1).
%he time to undo step 4 is therefore used as a baseline.

However, this statistical test does not tell us if linear is really
not preferred as the graph seems to suggest. To test this, w
compare the frequency of choosing linear to the frequency of
choosing script and cascade, respectively. In the first case,
a? test finds that the apparent difference in frequencies is
real (> = 4.5, df = 1, p = 0.01695, one-sided). How-
ever, since there are onfydata points for linear and script
combined (each has an expected value of djjyand? is

therefore no other steps depend on it — we expect that this
should take subjects less time to complete than undoing step
1. Therefore, we compute the raflg /T, for each subject.

I iderod valid onlv wh th red Table 3 summarizes this ratio for two groups: those subjects
gelnera_y Icons;herﬁe tr:/'a It otn.y V\? en n(t)_ne %I € exp_ercr:]e that executed cascade and those that executed script. Fig-
values is less tha, this test is of questionable use. The .o 3'shows a box plot of the same data.

comparison between linear and cascade, however, does show
a significant differencex?® = 15.21, df = 1, p = 0.00005,

. . The fi t t, aside f tliers, that
one-sided). We therefore reject null hypothelig3). e figure seems 1o suggest, aside from some outliers, tha

cascade takes less time to determine than script. However,
because we did not randomly assign subjects to cascade and
%cript “treatment groups”, we cannot say whether this effect
is reaf. Furthermore, note that the recorded time includes
both decision and execution time. That is, we did not dif-
ferentiate the time it takes to think out the result of an undo
from the time it takes to draw the result. Future studies can
address this.

The graph also suggests that cascading is preferred over th
script model. To determine if this effect is real (i.e. not
due to chance), we again useya test, which also finds a
statistically significant differencexf = 4.84, df = 1, p=
0.02781). We therefore reject null hypothesif)(4).

Note that since we have performed multiplé tests, we
should correct for inflation oft to ensure that we reject null
hypotheses because they are unlikely to be true, instead of-oncLusiON

simply as the result of a statistical “fishing expedition”. Ta- 1o community has understood for quite some time that

ble 4 dsummaﬂzes Ithe statistiﬁll resglts, Wi'ah_ p-valuhes ad- there are better ways to support undo in computer applica-
justed using the R language [11], and according to the pro-tjong than to force users to undo tasks in strictly linear fash-

cedure defined by Benjamini and Hochberg [3]. Note that i, Mmany applications now support a linear undo mecha-
we still rejectHo (1), Ho(3), andHo(4). nism in which any user action can be selected for undo, and
upon selection the system automatically undoes all actions
that occurred after the selected one. This is supported in im-
plementation by keeping a full history of actions performed
instead of only keeping a copy of the most recent action (or
the state that resulted from it). However, this is still a linear
undo model and it is too restrictive.

These results indicate that for the task used in this study,
cascading undo is most natural. However, we are also in-
terested in how much effort it takes subjects to predict sys-
tem behavior using the two selective models. If cascading
is more natural, but script is easier for users to predict, it
might be preferable to use a script model over cascading. It

s for this reason that we timed the subjects in this study. For 2Even though this is not an experimental design with a manipulated
each subject, we have recorded the time they took to undovariable, we have run a t-test to compare the real means of the two

step 4 () along with the time to undo step Ty). Because istributions { /7 for cascade and /T for script) and we can-
undoing step 4 should be easy — it is the last step done anchot reject the hypothesis that the means are the same (p=0.5526).
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| Hypothesis | x? | Degrees of FreedomOne-sidedq p [ Adjusted p[ Rejected?
Hy(1) (omnibus)| 26 3 no 0.00001 | 0.00004 yes
Hy(2) (Ivs. s) 4.5 1 yes 0.01695 | 0.02260 no
Ho(3) (Tvs. ¢) | 16.21 1 yes 0.00005 | 0.00010 yes
Hy(4) (svs.c) | 4.84 1 no 0.02781 | 0.02781 yes

Table 4. Summary of statistical results. In the last three hypotheses, |, s, and ¢ stand for linear, script, and cascade,
respectively. Hypotheses are rejected witly = 0.05 for p-values adjusted according to Benjamini and Hochberg [3].
Hy(2) is not rejected because? is not applicable when expected values are less than 5.

To support a less restrictive model of undo, others have in- gue that an advantage of linear undo is that the user need not
troduced selective undo mechanisms that allow users to sethink about dependencies in order to predict what will hap-
lect arbitrary actions for undo. One primary way that these pen when a particular command is undone. However, it is
mechanisms differ is in their handling of dependencies be- not known how much thinking is required by the other mod-
tween those actions. In a pure script model, the dependen-els. We therefore plan an experiment that will time subjects
cies are ignored. In other models, if dependencies are no-in predicting the results of undo using different models. The
ticed, a warning to the user is suggested as a system retiming results from the present work are suggestive, but a
sponse [1]. The cascading selective undo of Cass and Fer<carefully controlled experiment aimed at precisely that point
nandes, however, uses those dependencies to cause depewill give us more confidence in the results.
dent actions to be undone along with the selected action.

All of these planned studies can be designed as experiments
Which of these models is most natural? Does it depend onin which we manipulate a variable to define treatments and
the kind of application? Does it depend on the kinds of de- randomly assign subjects to treatment groups. This is dif-
pendencies? In this study, we have started to address thesérent from the current study, which was observational in
guestions. In the context of familiar applications such as nature. Now that we better understand the space of possible
drawing programs, and for data dependencies between acundo models that users will find natural, we can focus on
tions, the cascading model is more natural than the scriptthese. One possible experiment design, which could again
model to users. Furthermore, it is much more natural than be carried out with pen and paper, would involve the follow-
the linear model. ing steps with each subject:

The data suggest that linear is also not as natural as script]l. Assign the subject randomly to a treatment group.

but further study is needed to assess this. The data from this , . ) ,
study also suggest that the cascade model is easier for uses Give the subject a list of actions that have been carried
to think about, but a controlled experiment is needed to test  ©Ut, along with a depiction of the resultant state (similar

this hypothesis. to the instruments used in this study).
3. Show the subject a depiction of a state that results from
FUTURE WORK undoing step: according to the treatment’s undo model.

There are several avenues for future work suggested by the, - ask the subject to rank (on a Likert scale) the correctness
work presented here. The present study suggests that linear (or naturalness) of the resultant state, given that it results
undo is not preferred over selective models and that users  from undoing step:.

prefer a model that makes use of dependencies between user

actions, in at least one context. The community could profit 5. Time the subject’s response time.

from further study to determine if the results extend to other

contexts. For example, in applications in which non-data With this design, we could more directly compare the undo

dependencies exist between user actions, will users still findmodels of interest, and ensure that we have an even amount

cascading to be natural? There is reason to believe that usersf data for each of the models, thus enabling us to draw

know that some actions must necessarily precede others, butonclusions more reliably. Note that this experiment design

we think empirical evidence is needed. We therefore plan anwould measure something different than the current study —

experiment within a more dependency-rich domain. the current study determines what model users want or find
natural, while the proposed new study compares two or more

The results of the present work can safely be generalizedmodels on specific variables of interest. Both studies are

only to other relatively simple applications. We have con- needed.

ducted a pilot study with a more complete application —

presentation software — and plan further experiments to as-And lastly, if and when we have amassed a series of experi-

certain the breadth of appeal of the different selective undo ments that suggest that cascading selective undo is valuable

models. and needed, we will implement a cascading model in a repre-
sentative application to directly address the implementation

Note also that this work does not fully address the cognitive feasibility of the approach — we have a good idea of how

load involved in using a non-linear undo model. One can ar- this approach can be implemented, but the present work was



needed to determine whether the work is usable by users be- 4.

fore we worried too much about how hard it will be to im-
plement for programmers.
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