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Abstract — This study measured the speed, error rates, and subjective evaluation of
arrow-jump Keys, a jump-mouse, number keys, and a touch screen in an interactive ency-
clopedia. A summary of previous studies comparing selection devices and strategies is
presented to provide the background for this study. We found the touch screen to be
the fastest in time, the least accurate but the overall favorite of the participants. The
results are discussed and improvements are suggested accordingly.

1. DESCRIPTION OF SELECTION SYSTEMS

1.1 Introduction

Selection as a means of interaction is ubiquitous in computer systems. Menus, in their var-
ious guises, are a common means of presenting items. An important aspect of using menus
is the strategy of selection, a term that refers to the way a selection was made, such as by
pointing or naming. When a selection strategy is employed on a particular device, it is
termed a selection tactic. From the system view, a selection tactic is the implementation
of strategy on a device; for the user, the tactic is how the selection is accomplished within
a particular program. It is possible that the device and strategy could interfere with the
selection process.

1.2 Selection devices

A selection device is an object that is used as the means for indicating a particular item
given a set of selectable items. Noncomputer selection devices include a pointer on a black-
board, a finger on a restaurant menu, or even a nod of the head indicating which door is
to be opened. Because of the technology, selection devices in computer applications can
be expensive in addition to being difficult to learn.

The possible devices for a selection system are joystick, keyboard, light pen, mouse,
touch screen, and trackball. Research into other means of input (cited in [28]) such as
detecting foot, wrist, eye and head motion or voice recognition, continues. The effective-
ness of a device is dependent on the task and the user, but there is a notion of virtual input
devices which can be altered to the given user and task situation [5].

1.3 Interpretation and summary of previous research

The rapidly growing body of literature for selection devices is summarized in Ta-
ble 1. Despite the range of tasks and experimental designs, some patterns emerge from
these comparative studies. Most tasks involved positioning or locating, and some tasks
included data entry as well. All studies involving the touch screen showed it to be the
fastest device; it is most effective when it is on display employing the direct pointing strat-
egy. The study by Karat et al. [18], however, pointed out that when combined with key-
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board entry, remaining on the keyboard was preferable to switching devices. Another
consistent result is the more rapid use of the mouse over the joystick. Evaluating the light
pen and the mouse, English [12] showed the mouse to be faster, but Haller ef al. [16]
showed the opposite to be true. No doubt, technological improvements in the light pen
were a factor.

The keyboard itself has many variations, such as keypads, and many possible tactics
such as text, letter, number and arrow keys. The study by Shinar er a/. [35] showed the
arrow keys to be the fastest and the letter keys the slowest; Beaumont [3] demonstrated
the keypad to be faster than a keyboard. Both results showed that limited possibilities
aid the novice user: the arrow keys were only up and down, the letter keys could range over
the entire alphabet, and a keypad contained fewer keys than the keyboard.

Inconsistency appeared when keyboard and nonkeyboard devices were compared. The
case of the touch screen and the keyboard mentioned above indicated that the compari-
son is highly task and user dependent. When either the mouse or light pen was compared
to keyboard, the results were not clear. The type of task may be a factor in explaining the
apparently inconsistent results between the mouse and other devices (c¢f. Card et al. [8] and
Haller er al. [16] versus Karat ef ¢/. {18] and the study presented here. Note that the dif-
ference in users bears equal weight with that of task in explaining the results. Even though
the mouse is quickly learned, novice users do not perform better or prefer an unfamiliar
device, as shown in the study by Maclean ef al. [21].

A comparative study by Ewing ef al. [13]—in which these authors participated —
examined the use of a ball mouse versus cursor or jump-arrow keys in the text selection
environment of Hyperties (formally called TIES —The Interactive Encyclopedia System)
(see later discussion). Performance and preference were the measure for the devices used
in two types of tasks. Performance was measured by the time interval between target selec-
tion; preference was determined by a subjective evaluation given after completing the task.

Table 1. Comparative studies of selection devices

Study Year Device(s) Results: speed
Ostroff 1986 KC, KN, MB, TS TS > KC > KN >MB

Ewing ef al. 1986 KC, MB KC > MB

Maclean et al. 1985 KB, MB KB > MB

Beaumont 1985 KB, KP, LP, TS TS>KP>KB>LP

Shinar er al. 1985 KC, KL, KN KC > KN>KL

Reinhart 1985 J, MB MB > J

Haller ef al. 1984 LP, GT, MB, TB, K(C, VI LP>GT>MB>TB>KC > Vi
Karat et al. 1984 TS, MO, KL TS > KL > MO

Whitfield ef ai. 1983 TS, TP, TP/K TS > TP/K > TP

Albert 1982 DT, JF, JP, KC, LP, TB, TS TS>LP>DT>TB>IF>JP>KC
Card ef al. 1978 JP, KC, KT, MB MB > JP > KT > KC

Goodwin 1975 KC, LP, LG LP = LG > KC

Mehr and Mehr 1972 JP, TB B » JP

English 1967 LP, MB, JP MB > JP > LP

Study Results: accuracy subjective evaluation
Ostroff MB > KN > KC > TS TS > KN > KC > MB

Ewing ef al. KC > MB KC > MB

Maclean et al. KB > MB

Reinhart MB >}

Haller et al. LP=KC>VI>GT>MB>TB LP>MB>TB>CK>GT > VI
Karat ef al. KL > TS > MO

Albert TB>DT>JF>JP>KB>LP>TS

Card et al. MB > KT > JP > KC

Key: DT -Data Tablet with puck
GT -Graphics Tablet

KL -Letter Keys

KN -Number Keys

MB -Mouse with ball
MO-Optical Mouse

J  -Joystick KP -Key Pad TB ~Trackball

JF -Force Joystick KT -Text Keys TP -Touch Pad

JP -Position Joystick LG -Light Gun TP/K-Touch Pad with key press
KC -Cursor Keys LP -Light Pen TS ~Touch Screen
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In part one of the experiment, the subjects rated the device according to comfort, con-
trol, enjoyment, frequency of looking at the device when manipulating, and ease of posi-
tioning. In part two, the subjects chose one device and were requested to explain why. Part
three was allotted for comments.

For using the arrow-jump keys or the mouse, the task was to move a highlight bar
(selector box) onto the target and to proceed until the path—a series of 28 targets —was
completed. Besides device, the other condition was the type of path: short (targets that
were on average less than two items away) and long (greater than two items). Note that
distance is in terms of number of intervening items as experienced when using the arrow-
jump keys, since the highlight bar was restricted to selectable items; the motion of the
mouse cursor was continuous and unrestricted over the screen area.

Results showed that the arrow-jump keys were faster and preferred over the mouse, at
the 5% level. The effect of target distance on the arrow-jump keys was significant, again
at the 5% level, but not for the mouse. For the arrow-jump keys, where the selector box
movement is discrete, distance is a function of how many items intervene, whereas the con-
tinuous motion of the mouse cursor, although also a function of distance, obviates hav-
ing to traverse the intervening items. Although the fluid motion should result in faster time,
contradicting the finding of the study, the unfamiliarity of the mouse and its implemen-
tation explains its lower rating. This is further confirmed by the subjective results, which
showed consistent preference to the arrow-jump keys, with 88% of the participants favor-
ing this strategy over the mouse.

The configuration of users, tasks, devices, and strategies in the previous studies reveals
a complex interaction of issues. Judgment of selection tactics is most effective with a fixed
task, homogeneous user population, and stated goals (speed, learnability, error rates).

2. THE STUDY

2.1 Introduction

This study compared four devices for selecting highlighted words or phrases in a tex-
tual database, Participants were asked to perform a series of selections using a touch
screen, mouse, arrow-jump keys, and number keys. Performance was measured by time
and number of errors. In addition, the subjective evaluation requested the participants to
rate each device according to speed, comfort, and accuracy. They were also asked to rank
the devices relative to each other. Data on the participant’s age, sex, and computer usage
was gathered and compiled. Oral and written comments were welcomed. Forty-six par-
ticipants completed the subjective evaluation; data for the performance came from 24
participants.

2.2 Method

A repeated measures design with four treatment levels was used to measure the dif-
ferences among the selection devices. To measure statistical significance, a repeated analysis
of variance was employed. Tukey’s Honestly Significant Difference was applied to deter-
mine pairwise significance for those effects that had a large enough F value.

2.2.1 Participants. There were a total of 46 participants, 24 of whom completed all
four paths. Participants were undergraduate and graduate students drawn from history,
education, and library courses and the psychology subject pool. Data about the individ-
ual’s background were collected but not correlated to the timing results or to the subjec-
tive questionnaire.

Of the 46 participants who filled out the evaluation, 20 were female, 26 male. As a
group, the average age was 22.33 with a standard deviation of 5.60. There was no signifi-
cant difference between the sexes according to age.

As for computer experience, participants were asked to choose among six possibili-
ties: once a day, at least three times a week, once a month, few times a year, and never.
Scoring a once a day as 1 and never as 6, the average and standard deviation of frequency
of computer use was 3.78 (1.55) overall. As expected of college students, participants, on
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average, used a computer between once a week and once a month. The proximity of the
average to the median coupled with a small standard deviation (1.55) is encouraging since
it shows that the participants, as a whole, were neither so expert as to render the task trivial
or so naive as to make computer anxiety a significant factor.

2.2.2 Materials.

System Configuration. The experiment was conducted on an IBM PC with 384K
memory and two floppy disk drives. The IBM PC was interfaced with a Sony Trinitron
monitor, a Carroll Touch Technology controller and panel, and a Microsoft mouse. In an
IBM PC expansion slot was a gl512 graphics board from On-Line Products, Inc., which
controlled the image on the screen. Mounted onto this gi512 board was the board control-
ling the touch panel. Another slot was occupied by the board controlling the mouse.

Software: Hyperties. The study was run on an early version of Hyperties (formerly,
The Interactive Encyclopedia System). Hyperties (available from Cognetics Corp., 55
Princeton-Hightstown Rd., Princeton Junction, NJ 08550) is a software tool for author-
ing and browsing a group of interrelated articles on a given topic or theme. It was designed
for a museum environment with the casual user in mind. Users select terms that are of
interest and a brief definition appears at the bottom of the screen. If there is full text for
the selected term, an option to read the complete article is presented. The top of the screen
contains the header, identifying the article, along with the current and total number of
pages. A user of Hyperties may page forward or backward, return to the previous article
if possible, or exit the system. Figure 1 shows a sample screen from the study.

All selectable items, whether words or phrases, appeared in yellow on the screen. Each
article had a heading that appeared in gray characters at the top of the screen, along with
current and total number of pages, also in gray. The remaining text was displayed in white.

The conception for Hyperties is due to Shneiderman with Ostroff. It was designed by
Shneiderman, Morariu, and Ostroff, and the various versions have been implemented by
Ostroff. The software for Hyperties in the Ewing ef al/. study was written in STSC APL.
For the second study, Hyperties had been rewritten in DeSmet C.

Screen description. The size of the visible screen on the Sony Trinitron Monitor was
9 in. wide and 7 in. high. The resolution of the monitor was 512 pixels for both width and
length. The screen allowed for a maximum of 65 characters per row and 30 rows. Due to
the limitations of the touch panel and the screen, only 24 rows and 55 characters were used.
The background color was blue, with white, yellow, or gray lettering as indicated above.

Features of the selection devices

Arrow-jump keys. The arrow-jump keys, also known as cursor control, selector, or
jump keys, are located on the numeric keypad to the right side of the IBM keyboard. Only
the left and right arrows were used.

The arrow-jump keys caused a selector box, outlined in yellow, to move among the
selectable items. When the selector box was on the desired target, the RETURN key was

PLACE: AUSTRIA PAGE | OF 4

Austria holds a special place in the history of the

Holocaust. Straddled between Eastern and Western Europe,

possessing a vibrant and culturally creative Jewish com-

munity on the eve of World War II, Austria had also pro-

vided the young Adolf Hitler, himself an Austrian raised

near Linz, with important lessons in the political uses of

antisemitism.

ADOLF HITLER —Nazi Dictator of Ger-

many 1933-45; sought the “Final Solution NEXT PAGE
to the Jewish Problem”

FULL ARTICLE ON HITLER, ADOLF

RETURN TO ASSIMILATION EXIT

Fig. 1. Sample screen used in the study. Selectable items that appear here in boldface were in yellow
on the monitor.
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pressed to complete the selection. The selector box wrapped around the screen whenever
the top-leftmost or bottom-rightmost option was passed. The arrow-jump keys were
labeled for the two directions in which the selector box could move, and the RETURN key
had a diamond prominently drawn on top of it to facilitate its use.

Mouse— “Jump” or “Blind”? The Microsoft Mouse is 2 in. wide, 3.5 in. long and 1.25
in. high, a little taller than a deck of cards. Two green oblong buttons are on the front of
the mouse. The surface area for moving the mouse was approximately 4 sq ft on a formica
desk top.

The particular implementation of the jump-mouse was complicated by the use of a
monitor and controlling board that did not use display memory of the PC. Instead, a map-
ping between the 25 x 80 characters or 200 x 640 pixels on the IBM display monitor and
the 523 x 512 pixels on the Sony Trinitron monitor was required. Any cursor on the Sony
had to be software emulated.

Due to this mapping, the selector box appeared around the item that was closest to
the hardware cursor, after translating it to the 512 by 512 coordinates. There was no cursor
on the Sony; instead, the selector box appeared to “jump” from one selectable item to
another, hence the term “jump” mouse. When the selector box was on the target, a click
of either mouse button selected the item. Advocates of this approach suggest that seeing
the selector box and not the cursor avoids confusion.

Unfortunately, the location of the cursor was often distant from the selectable item,
and this disparity caused frustration for the user in navigating the selector box. Moreover,
if a definition of an article was selected, the selector box would then move from that ref-
erence to appear on the option FULL ARTICLE, but the true location of the mouse cursor
remained on the reference. Ongce the jump-mouse was moved again, the selector box would
“jump” off the FULL ARTICLE and move to the item closest to the cursor location. The
lack of precise knowledge of the cursor position, the only feedback being the location of
the selector box, caused one observer to term this implementation, appropriately, a “blind”
mouse. The nature of the “blind” mouse was pointed out to participants during the practice
period.

Number keys. The number keys were located along the top row of the keyboard. To
avoid confusion with the arrow-jump keys, the numeric keypad located on the right was
not used.

The highlighted options were shown on the screen with numerical superscripts. When
an appropriate number was entered, a yellow selector box appeared around that item.
Pressing the RETURN key effected the selection, turning the yellow selector box red. If
a number were entered incorrectly, pressing the Escape (ESC) key removed the selector
box, and a new choice could be made.

If there were more than nine selectable items on the screen, the following protocol was
used. Entering the first digit would cause the corresponding item to be boxed in yellow.
If another digit were entered, the selector box would move to the new number. Thus, press-
ing the “1” would cause the selector box to appear in yellow around the first item. If the
“1” were followed by a “0” and there were 10 items, the yellow box would be removed
from the first item and appear around the tenth. If there were not at least 10 selectable
items, then the selector box would disappear from the screen. Pressing any illegal combi-
nation, or Escape, resulted in clearing the selector box.

Touch Screen. A Carroll Touch Technology controller box and panel was used. This
panel, mounted on the Sony Trinitron Monitor, is an optomatrix frame of 48 x 36 discrete
points whose resolution is 0.20 in. X 0.20 in. (0.51 cm X 0.51 c¢cm). It consists of infrared
light-emitting diodes (LEDs) and phototransistor detectors. When the point in the grid of
infrared light beams is broken, the coordinates are transmitted to the CPU.

For each selectable item, a corresponding touch zone was established. If the touch was
within this set of defined zones, the appropriate highlighted option was boxed in red, the
selection having been effected. When the computer processing was completed, the red box
was removed and a new selection was ready to be made. If the touch was outside this set
of zones, nothing would happen.

As with many touch screens, the lack of feedback, the coarse grid, and the parallax
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problems meant users had to wiggle their fingers to produce a selection, and they often hit
the wrong selection. Newer touch screens strategies are far more effective [30].

Paths. A path is defined to be a series of selections or a list of target items. Four paths
with 37 selections each were printed on paper and presented to the participant. Each path
was designed to be equivalent in time yet different in target items. In terms of time, they
were equal by the total number of selections, of page turns (defined to be either a NEXT
PAGE or BACK PAGE), of total pages formatted, of definitions appearing, and the num-
ber of article accesses.

2.3 Experimental procedure

The task was to complete a path traversal, 37 target selections, for each device.

2.3.1 Administration. The study was conducted in a quiet room where participants
were given an introduction to the interactive encyclopedia. They were allowed to practice
on each one of the four selection devices until they felt comfortable, typically 10 to 15 min-
utes. Participants were tested individually.

After the practice session, the participants were presented with the first of the four
paths. Path 1 was always given first regardless of the selection device and so on for the
remaining three paths. All the permutations were presented for the order of devices.

During the traversal of the path, if the participant lost track of the path or of how
to get back, he or she was guided by the experimenter back to the correct path. For this
reason, the error rate was not measured according to the number of incorrect screens per
path, but by the number of times the participant strayed from the path. Therefore, the time
spent returning to the path was not counted.

After the four paths were completed, the participants filled out the subjective evalu-
ation form and were interviewed.

2.3.2. Grading. For all screens viewed, the time per screen and the selection made were
logged onto disk. The time for each selection was the time between appearances of the
screens until the end of the path. The time, therefore, included the selection time and
the execution of that selection. The times for the correct screens were ten averaged over
the path. The mean time per correct screen was the statistic used to measure speed of
performance.

Analysis of the response times proceeded along three lines: target location, number
of items, and distance to the target. The target location imparts semantic meaning within
TIES. Potential targets were divided into three types: page turn (NEXT PAGE or BACK
PAGE), definitions, and article accesses (FULL ARTICLE ON or RETURN TO). The sys-
tem response time was shortest for page turning and longest for an article access.

Screens were grouped by the number of selectable items: 3 to 5 items, 6 to 8 items,
and 9 to 23 items. They were also grouped according to distance to the target. Distance
to a target was defined to be the number of intervening items between the default location
of the selector box and the target item.

Error count was based on the number of times the participant strayed from the path.
This measure did not capture how far off the participant strayed but the propensity to
stray.

The evaluation sheets had a scale of 1 to 7 for each attribute: speed, comfort, and
accuracy. The wording for accuracy was in terms of fewer or more errors. Desirable attrib-
utes, such as fastest, most comfortable and fewest errors, were given the value 7, while
undesirable attributes rated a one. Computer usage was on a scale of 1 to 6, the lower the
number the more experience. The ranking of the devices restricted the range from one to
four.

2.4. Results

2.4.1. Performance measurements.

Time. Time was measured as the mean time per correct screen per path. The touch
screen was the fastest device with a mean time of 5.30 secs, a STD of 0.86, and the arrow-
jump keys were next, followed by the number keys and the jump-mouse (Table 2).
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Table 2. Performance results: Mean time per correct screen (seconds)
(with standard deviations)

Arrow Jump- Number Touch
keys mouse keys screen

Time 6.23 6.86 6.70 5.30
(secs) (1.70) (1.48) (1.41) (0.86)

Table 3. Analysis of variance for mean time per correct screen

SS DF MS F
Total 222.77 95
Device 35.58 3 11.86 18.04*
Subject 141.82 23 6.17 9.30
Residual 45.37 69 0.66

*Significant p < .01.

Table 4. Pairwise comparison for all screens. HSD coefficient is 3.741.
HSD Value is .619 (* indicates significance)

Jump- Number Touch
Device mouse keys screen
Arrow 0.637* 0.473 0.928*
Mouse 0.164 1.565*
Number 1.401*

Table 5. Performance results mean time per correct screen (seconds)
by target location as given by type of screen (with standard deviations)

Arrow Jump- Number Touch
keys mouse keys screen

Page turn 6.18 6.59 6.66 5.18
(1.69) (0.95) (1.57) (1.06)

Definition 7.00 7.89 6.78 5.20
(2.00) (3.00) (1.82) (0.95)

Article access 5.15 5.75 6.45 5.53

(1.76) (1.46) (1.64) (1.15)

The main effect for devices (F(3,69) = 18.04) was significant at the p < 0.1 level. With
the touch screen faster, the HSD between the touch screen and the jump-mouse was the
greatest (1.57) followed by the value between the touch screen and the number keys (1.40)
and between the touch screen and arrow-jump keys. The arrow-jump keys were signifi-
cantly faster than the jump-mouse (Tables 3 and 4).

Target Location. Table 5 displays the times for the correct screens for each screen
type. Except for the touch screen, accessing an article was fastest and accessing a defini-
tion was slowest; page turn was the fastest for the touch screen and article access the
slowest; and the times for the touch screen and number keys were more consistent over
type of screen.

At the 1% level, there was a significant F value for device, location, and their inter-
action (Table 6). Inspection of the cursor device shows best the interaction between tar-
get location and device. Since definitions are scattered throughout the top portion of the
screen, there is always more search time. The default location of the cursor had a greater
effect on the time. For article accesses, the cursor was at most one item away from the tar-
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Table 6. Analysis of variance target location as given by type of screen

S8 DF MS F
Blocks 438.02 23 19.04
Treatments 194,04 i1
Device 93.10 3 31.03 21.10*
Location 48.81 2 24.40 16.59*
Interaction 52.14 6 8.70 5.91*
Residual 372.17 253 1.47
Total 1004.23 287

*p < .01

Table 7. Pairwise comparisons target location as given by type of screen.
HSD coefficient is 3.741 (* indicates significance)

Type of screen Device Jump-mouse Number kevs Touch screen
All Arrow-jump keys 637 473 .928*
Page 412 483 994>
Def .889 222 1.802*%
Article 601 1.300* 377
All Mouse 164 1.565%
Page 072 1.406*
Def [ R 2.692*
Article 699 224
All Number keys 1.401*
Page 1.477*
Def 1.581*
Article 923+

get. The response times for the noncursor positioning tactics remained fairly constant
across target locations. Although the effect of target location and its interaction with the
devices were shown to be significant, the significance is due to the distance to the target
rather than any additional scanning time by the user or processing time by the computer.

The touch screen was significantly faster than all other devices for all types of screens,
except for the two cursor positioning devices —the jump-mouse and arrow-jump keys—
when accessing an article. The results of the analysis of variance for each type of screen
were significant at p < 0.01. For page turn, F(3,69) = 14.12, for definitions, F(3,69) =
10.26, and for article access F(3,69) = 7.46. The corresponding HSD values were .677,
1.309, and .749 (Table 7).

Number of Items. We expect that response time increases with the number of items,
as the reader has more items to scan. Within the confines of this study, the number of
options may not have varied enough to draw conclusions. Nevertheless, the pattern for all
the devices seems counterintuitive: as the number of items increased, the response times
decreased, but not dramatically, except for the touch screen. For the group of screens with
the largest number of items, the touch screen had the lowest response time for all other
screen groups and all other devices. Moreover, the screens with only 3 to § items on them
had a relatively high value for this device. The explanation may have little to do with the
number of items on the screen; but the physical location of the target on the screen. For
the screens with few items, the target was likely to be at the bottom of the screen, where
most touches were ineffective. The screens with 9 to 12 items had a higher probability of
the target being somewhere in the middle of the screen, a location where there are fewer
misses (Table 8).

The results of an analysis of variance to test for device and number of targets (Ta-
ble 9) showed significance at the 1% level for the effect of both these factors, but their
interaction was not significant. Unlike analysis by target location or distance, both of
which showed a significant interaction effect, the number of items on a screen is a func-
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Table 8. Performance results mean time per correct screen (seconds)
by number of items (with standard deviations)

Number of items Arrow keys Jump-mouse Number keys Touch screen
3-5 items 6.98 7.00 7.70 6.20
(1.92) (1.27) (1.53) (1.14)
6-8 items 6.18 6.91 6.77 5.39
(1.47) (1.69) (1.44) (0.95)
9-12 items 6.04 6.79 6.13 4.69
(2.23) (1.99) (1.95) (1.19)
Table 9. Analysis of variance number of items on the screen
SS DF MS F
Blocks 412.49 23 17.93 12.47
Treatments 140.42 11
Device 105.20 3 35.07 24.38*
Number 22.26 2 11.11 7.72%
Interaction 13.00 6 2.17 1.51
Residual 363.83 253 1.47
Total 916.73 287
*p < .01,

Table 10. Performance results mean time per correct screen by distance to target

(with standard deviations)

Distance in items Arrow keys Jump-mouse Number keys Touch screen
Zero items 5.14 5.45 6.56 5.43
(1.71) (1.46) (1.58) (1.03)
One item 6.08 6.81 6.52 5.12
(1.65) (1.29) (1.54) (0.93)
Two items 7.28 7.78 7.10 5.41
(2.06) (2.46) (1.76) (1.04)
Three+ items 8.06 9.50 7.21 5.87
(2.69) (4.12) (2.70) (1.48)

tion of the user’s perception and the ability to scan and match. Since that process must
occur for all devices, it is not surprising to find no significant effect of interaction.

Distance to Target. Upon inspection of Table 10, the difference between the direct
pointing and cursor positioning tactics illustrates interaction between device and distance:
response time for the touch screen did not change as the distance increased whereas for the
arrow-jump keys and the jump-mouse the response time noticeably increased. By the same
logic, the number keys did not show much change over distance, because there is no default
cursor location. In fact, there was a slight increase in response time for the number keys
as the number of items increased. The effect of distance, device and their interaction was
significant at the 1% level (Table 11). The data in Table 11 show the sharp rise in time as
the distance increased for the cursor positioning devices but that distance probably has little
or no effect on command or direct pointing strategies.

Nevertheless, the effect of the device when the cursor defaulted to the target item was
significant, F(3,69) = 10.44. For a distance of one item, F(3,69) = 18.90, for two items,
F(3,69) = 10.45, and three or more items, F(3,69) = 7.96, for p < .0l. Applying this to
a pairwise comparison, as shown in Table 12, the HSD values are .727, .637, 1.189, and
2.018, for distances of zero through three plus, respectively.
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Table 11. Analysis of variance distance to the target

SS DF MS F

Blocks 660.09 23 28.70 11.19
Treatments 534.70 11

Device 223.97 3 74.66 29.10%

Distance 190.48 3 63.49 24.75*

Interaction 120.25 9 13.36 5.21*
Residual 885.12 345 2.57
Total 2079.91 383

*p < .0l.

Table 12. Pairwise comparisons for distance to target. HSD coefficient is 3.741
(* indicates significance)

Number of items Device Jump-mouse Number keys Touch screen
Zero Arrow-jump keys .307 1.422* .289
One 732 .444 961*
Two .504 176 1.863*
Three + 1.438 .849 2.193*
Zero Jump-mouse 1.115* 0.019
One 0.288 1.693*
Two 0.681 2.367*
Three + 2.287* 3.630*
Zero Number keys 1.133*
One 1.405*
Two 1.687*
Three + 1.344

Table 13. Average number of errors per path (with standard deviations)

Arrow keys Jump-mouse Number keys Touch screen

0.83 (1.03) .71 (.89) .79 (1.08) 1.33 (1.11)

Errors. Since the F value for the errors was not significant even at the 5% level, a pair-
wise comparison would be meaningless. Looking at the results, the order is exactly the
reverse of the response times. Although not significantly different, there is a clear impli-
cation of the speed-accuracy trade-off (Table 13).

2.4.2. Subjective Evaluation. The subjective evaluation was calculated from the
responses of 46 subjects, 26 male and 20 female. Repeated analysis of variance consistently
showed significance due to device. Results of the subjective evaluation showed that the
touch screen was rated the best overall device, although not with respect to accuracy. The
number keys were rated the most accurate, and the jump-mouse, due to insufficient feed-
back, was rated the slowest, most uncomfortable, and least accurate and it ranked last.
Table 14 shows the main results from the subjective evaluation, and Table 15 shows the
pairwise comparison. The following three sections refer to the data presented in these
tables.

The analysis of the subjective evaluation did not consider the interaction among the
various attributes (e.g., the speed-accuracy trade-off). Instead, the effect of the device was
measured for speed, comfort, and accuracy. The results for the above attributes were sig-
nificant at the 1% level: F(3,135) = 23.48, 31.28, and 21.02, respectively. The calculated
HSD values were: for speed .975, for comfort 1.010, and for accuracy 1.143.

Speed. The touch screen was rated as the fastest device, and the number keys were
rated faster than the arrow-jump keys. Also note that the cursor positioning devices were
rated lower than either the touch screen or the number keys.
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Table 14. Results of the subjective evaluation (with standard deviations)

Device Speed Comfort Accuracy
Arrow keys 4.80 5.24 4.96
(1.39) (1.29) (1.75)
Jump-mouse 3.37 3.04 2.94
(1.54) (1.85) (1.66)
Number keys 5.09 5.15 5.78
(1.59) (1.62) (1.61)
Touch screen 5.98 6.09 4.83
(1.29) (1.23) (1.94)

Rated on a scale 1-7, 7 being the best.

Table 15. Pairwise comparison for subjective evaluation (* indicates significance)

Number of items Device Jump-mouse Number keys Touch screen
Speed Arrow-jump keys 1.435% .283 1.174*
Comfort 2.196* .087 .848
Accuracy 2.000* .848 .109
Speed Jump-mouse 1.717* 2.609*
Comfort 2.109* 3.043*
Accuracy 2.848* 1.891*
Speed Number keys .891
Comfort .935
Accuracy 957

Performing a RANOVA on the participants’ rating of the devices according to speed
resulted in an F(3,135) = 23.48 for all subjects. Applying the overall within-group vari-
ance of 2.30 and the HSD coefficient of 4.36, the Honestly Significant Difference was .975.
Four sets of comparisons were significant by the HSD test: the jump-mouse and the touch
screen, 2.61, the jump-mouse and the number keys, 1.72, arrow-jump keys and the jump-
mouse, 1.44, arrow-jump keys and the touch screen, 1.17. The jump-mouse was signifi-
cantly slower than the other devices. In retrospect, considering the jump-mouse implemen-
tation, this was not surprising. The arrow-jump keys were also significantly slower than
the touch screen with respect to speed. The impression left by the discrete movement of
the selector box on the participants helps explain why the arrow-jump keys were perceived
to be slower.

Comyfort. The touch screen again was rated as the most comfortable device. The key-
board tactics were similarly judged, the arrow-jump keys rated slightly higher than the
number keys. The jump-mouse with a score of 3.04 (1.85) was significantly slower than
the other devices.

The RANOVA on the comfort rating of the devices resulted in a larger F value than
either speed or accuracy, F(3,135) = 31.28. With a coefficient of 4.36 and within group
variance of 2.47, the HSD is 1.01. There was a significant difference in the comparison
between the jump-mouse and the touch screen 3.04, the jump-mouse and the arrow-jump
keys 2.20, and jump-mouse and number keys 2.11: the jump-mouse was rated less com-
fortable (Table 14).

Accuracy. Participants were asked to rate the devices according to accuracy by
responding to the phrase “least likely to cause errors.” The number keys were clearly rated
the most accurate device followed by the arrow keys and touch screen. The standard devi-
ation of the rating of the touch screen was the highest of all devices, probably a reflection
of a mixed attitude toward the touch screen. Having rated it fast and comfortable, peo-
ple may have carried over that positive disposition to the question of accuracy. The jump-
mouse again was judged the poorest with a 2.94 rating for accuracy, even though the data
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show it to be relatively the most accurate. Again, confusion in using the jump-mouse may
have caused personal bias against it.

The HSD for accuracy was 1.14, given the coefficient of 4.36 and the within-group
variance of 3.16. The calculated F value for all participants was F(3,135) = 21.02. The
pairwise comparisons again showed the jump-mouse significantly slower, at the 5% level,
than the other three devices: with numbers 2.85, arrow-jump keys 2.00, and touch screen
1.89. It is interesting to note that the difference between the number keys and the touch
screen, .96, and between the number keys and the arrow-jump keys, .85, were almost
significant.

Ranking. The participants were given four blanks on which the devices were to be
ranked (Tables 16-18). A low ranking indicated preference for that device. The touch
screen received an overall ranking of 1.80, whereas the arrow-jump keys edged out the
number keys with a ranking of 2.33 to 2.37. With an F(3,135) = 19.86 and an HSD of
.698, figured from a within-group variance of 1.18 and an HSD coefficient 4.36, again the
jump-mouse’s ranking was significantly poorer (p < .05) from that of the other devices.
The largest difference was that between the jump-mouse and the touch screen 1.70, fol-
lowed by the difference between the jump-mouse and the arrow-jump keys 1.17 and num-
ber keys 1.13.

Most people found the arrow-jump and number keys similarly appealing. People with
more computer usage favored the keyboard selection mechanisms. Infrequent computer
users tended to be awed by the technology of both the touch screen and jump-mouse.

Participants’ comments. The written comments provided at the end of the evaluation
form well describe the participants’ attitude toward the four selection tactics. The touch
screen was seen as comfortable and fast but sometimes unreliable: “Touch was very con-
venient,” but another wrote that it was “unstable at screen extremities.” “Touch screen is
the easiest, but can be frustrating when it does not work.” “I found the touch system
extremely easy to follow, especially for a person who never uses a computer.”

The jump-mouse was resoundingly deplored, but a sympathetic note occasionally
appeared. “I had frustration when I was using [the] mouse, because I couldn’t see the cur-
sor movement.” “The mouse was awkward and difficult to control.” “The mouse definitely

Table 16. Ranking of devices on a scale of 1-4, where 1 is the “best”
(with standard deviations)

Arrow keys Jump-mouse Number keys Touch screen

2.33 (0.84) 3.50 (.83) 2.37 (1.07) 1.80 (.97)

Table 17. Analysis of variance for ranking of devices

SS DF MS F
Total 230.00 183
Device 70.43 3 23.48 19.86
Subject .00 45
Residual 159.57 135 1.18

Table 18. Pairwise comparisons ranking of the devices.
HSD coefficient is 4.36. HSD value is .698 (* indicates significance)

Device Jump-mouse Number keys Touch screen
Arrow 1.174* .043 .522
Mouse 1.130* 1.696*

Number .565
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moved too quickly . . .” “If the mouse can be improved in a few ways it would be as ade-
quate as the touch.” “Mouse key is cute but not easy to control.”

The arrow-jump keys and the number keys were often compared, and, as the perfor-
mance and preference data show, the arrow keys were regarded as faster but less accurate
than the number keys. “The [arrow] Jump keys and Number keys are so similar it’s hard
to objectively differentiate their qualities; however, the numbers made it easier to spot and
reduce chance for error.” “The number [keys] took too much time.” The arrow-jump keys
had “buttons too close together —hit wrong one often.”

The number keys were pointed out to have positive and negative traits, and sugges-
tions were given: “I thought the number keys were most effective . . . By using the num-
ber keys there was less chance of error.” “Numbers clutter up the article.” “If the number
keys for the NEXT PAGE and other functions [items] that appear with frequency had a
constant symbol, this method would be more comfortable.”

Even though most participants felt that the experiment as a whole was “good and
interesting,” one participant’s comment strikes to the heart of the matter by suggesting that
“perhaps a timed experiment is not the situation under which most people would want to
use such an encyclopedia.”

2.5 Discussion

2.5.1 Subjective evaluation. The discrete movement likely explains the user’s percep-
tion that the jump-mouse is slower. The user’s perception may explain why the touch screen
was not significantly different from the number keys. Both tactics are used without an
intervening selector box and so did not have the problems associated with its manipula-
tion. The surprising high rating for the number keys, although not significantly different
from the other devices, can be explained by the feeling of having mentally grasped the com-
mand, which gives the user a sense of control.

2.5.2 Location of target as given by type of screen. Since the location of the item
imparted semantic meaning, the time for selecting fixed place items when turning a page
or accessing an article should be lower than for selecting a definition. For article access,
however, the faster time of the preparation stage should be offset by the longer system exe-
cution time.

As can be seen from the data in Table 2, the conjecture that system execution time
was a significant factor in total time cannot be true, since the article access had the low-
est times for three of the devices. This may be explained by the fact that the cursor would
always default to the article access, or be at most one item away. That the time taken for
selection was the major factor in total time is further proven by the longer times for select-
ing a definition where the location was not constant and thus not readily apprehended.

The reason for the significant difference between the touch screen and number keys
and between the arrow-jump keys and number keys is that the command strategy used has
no benefit of a default cursor or direct pointing. For the arrow-jump and number keys,
the difference is not based on location of target, but on distance to the target. In contrast
to all the other devices that had, relative to themselves, the lowest response times for article
access, the touch screen had the highest times. Here, the location is an explanation, for the
article accesses were at the bottom of the screen, the most likely place for touching errors.
Accordingly, there was no significant difference between the touch screen and the cursor
pointing devices in contrast to the other target locations that showed significant differences
between the touch and all the other devices.

2.5.3 Distance to target. The ability to go directly to an item explains why it was sig-
nificantly different from other devices. The exception was when the selector box defaulted
to the target item, in which case the arrow-jump keys and the jump-mouse required no cur-
sor movement. Likewise, the speed of use for number keys was invariant with target dis-
tance, and significantly slower than the cursor movement devices when the distance to the
target was zero.

2.5.4 Touch screen. The nature of the touch tactic shows why it would be the fastest
and least accurate and is a good example of the trade-off between speed and accuracy. In
this touch screen tactic, the latter was sacrificed for the former. The “directness” or “nat-
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uralness” of touching with a finger means that there is minimal switching of domains of
operation. There is no locating a cursor or device. There is no input stage or confirmation;
the only action is the pointing of the finger. In this respect, the benefit for novice users
is clear, but the lack of feedback indicating the actual touch point does result in errors.
Also, the selector box during the input is a visual clue to the item under selection; the touch
screen version did not have this clue.

Arrow-jump keys and number keys. As Shinar et al. [35] showed, the user response
times for the arrow-jump keys were expected to be fast because of the relatively few items
per screen and general familiarity with step keys. The notion of one-to-one movement of
cursor to keystrokes is not foreign to many, nor is the keyboard a strange device. The input
stage for arrow-jump keys is likely to be slightly shorter than for the number keys since
there are fewer arrow-jump keys. The user’s hand could remain positioned on the arrow-
jump keys so as to make homing time negligible, just as some participants kept the left
hand on the number keys. From observation, most had to search for the number keys more
often than for the arrow-jump keys.

Examining the difference between the two keyboard tactics, the cursor positioning task
involves no recall, only recognition and reaction, whereas use of the number keys requires
remembering the associated number after spotting the target, then entering. The answer
seems to be that number keys exact a heavier cognitive load.

The speed-accuracy trade-off also comes into the picture. The number keys were rated
more accurate and less error-prone than the arrow-jump keys, but the difference was not
significant. Still, though the two tactics entail similar physical motions, they invoke dif-
ferent cognitive functions. The result is an edge in speed for the arrow-jump keys and like-
wise in accuracy for the number keys. Bear in mind, however, that the speed of the
arrow-jump keys and likewise in accuracy for the number keys is dependent upon distance
to the target, unlike the number keys.

Jump-mouse. The statistical tests show that the jump-mouse was the slowest device
and the poorest rated. Although it was the most accurate, people were unaccustomed to
the jump-mouse and therefore were more careful in manipulating it. One would then
expect a corresponding increase in the response time.

The “blind-jump” mouse tactic illustrates a poor interface design because of the in-
ability to know where the actual cursor is. There was uncertainty about the effect a move
would have, so the participants proceeded slowly. The jump-mouse has the drawback of
being an unfamiliar device, despite the prevalence of video games and assorted uses of
other positioning devices.

2.6 Suggested revisions.

In light of the results from both studies, the arrow-jump keys were faster than and
preferred over the jump-mouse, although the study by Card et al. [8] showed the oppo-
site. The limited number of targets and the nature of the cursor movement with the jump-
mouse may be reasons. Nevertheless, there are improvements to the selection tactics pre-
sented here. In the first study (Ewing ef a/. [13]), the person using the jump-mouse could
move the cursor throughout the screen, but only when the cursor was on the target did the
selector box appear. In the second study, the selector box appeared on the item closest to
the cursor, but the actual cursor location was invisible. A suggested improvement, which
has already been implemented, is to combine these two approaches: allow the selector box
to always be on the screen, highlighting that item closest to the cursor as well as display-
ing the cursor. One of the problems in this revised jump-mouse tactic is the emulation of
the cursor on the screen that is not connected to the display memory. The software has to
grab the screen area, save it, display the cursor, and then replace it with the original con-
tents. This process was too slow for the fluid motion of the cursor. Improvements in hard-
ware and a faster implementation could easily dispel these drawbacks. The advantage of
this new tactic is that the user is never outside the domain of selectable items, whereas the
cursor motion is continuous and visible.

The infrared touch screen, although it was the preferred device, had several draw-
backs, including detecting touches at the edge of the screen and inability to restart the
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selection process anew. A suggested improvement, which was also implemented, is the
repeat-confirm touch. When the user touches at item, the selector box appears in yellow.
If the same item is touched again, then the selector box turns red and the selection is
effected. If another item were touched instead, the selector box would move from the pre-
vious item and appear in yellow around the item that is currently being touched. The clear
drawback is the extra time to touch twice, but considering that touching is fairly rapid, the
ability to catch errors before they are made is desirable. Another approach is to enable
users to place their fingers on the screen and to give feedback on placement by showing
a cursor. Users can then move the cursor around until it rests on the desired target. Remov-
ing the finger triggers the selection. This strategy results in a substantial reduction in errors
(Potter et al. [30]).
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