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A haptic search paradigm, adapted from Treisman and Gelade's (1980) visual search tasks, was
used as an initial step in addressing issues relevant to the development of models of human and
machine haptic object processing. Texture and/or edge-orientation information were presented
to multiple finger locations in disjunction (Experiment 1) and conjunction (Experiment 2) search
tasks. In Experiment 3, subjects performed a difficult single-feature (orientation) search. Although
the disjunction task could be interpreted with parallel or serial exhaustive models of haptic process
ing, subjects showed a shift toward serial self-terminating processing with the more complex and
difficult tasks. These results indicate processing changes when features of texture and shape must
be integrated. Given other converging evidence, texture may be a better candidate than edge
orientation for early perceptual processing, with information being processed preattentively and
in parallel.

Haptics is a perceptual system that provides both cutane
ous and kinesthetic information through touching (Gib
son, 1966; Loomis & Lederman, 1986). Recent research
by Klatzky, Lederman, and Metzger (1985) has shown
that people are extremely accurate and very fast at hapti
cally identifying three-dimensional common objects. Such
work serves as an existence proof that the human haptic
system can perform certain aspects of object processing
surprisingly well. We believe it is therefore important to
study the nature of the haptic representation of objects
in memory and the underlying processes by which those
representations are achieved and utilized. Such an under
taking serves a more applied purpose as well. It has re
cently been documented (Harmon, 1982)that robotic per
ceptual systems involving feedback from tactile sensors
(e.g., the use of pressure information obtained from an
array of artificial skin sensors) may play an important role
in the automated industry of the future. Results from bi
ological haptic research may further serve as a valuable
guide in the development of models of machine object
processing.

Although haptic object exploration tends to be extended
in time, more than one finger may be used simultaneously
during the exploratory process. Furthermore, Lederman
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and Klatzky have found, in work in progress, that the static
grasp, involving the simultaneous use of several fingers
of one or both hands, is a particularly effective and com
mon means of recognizing objects. Accordingly, we are
interested in the manner in which the haptic system pro
cesses simultaneous multiple inputs. To date, relativelylittle
somatosensory research has addressed this issue. Studies
by Shiffrin, Craig, and Cohen (1973), Lappin and Foulke
(1973), and Craig (1985) have provided evidence that the
haptic system is capable of at least limited parallel process
ing, that is, across several fingers within (but not across)
hands. However, this work only begins to consider what
is an enormously complex and important topic.

Vision research has much to offer the fledgling field
of haptics, both with respect to perceptual theory and ex
perimentation. For example, in a recent series of papers,
Treisman (Treisman, 1986; Treisman & Gelade, 1980;
Treisman & Paterson, 1984; Treisman & Schmidt, 1982;
Treisman, Sykes, & Gelade, 1977) presented a specific
analytic processing framework-feature integration
theory-for visual attention, which distinguishes between
preattentive and attentive processing. This theory states
that individual features (e.g., a single color or form) may
be processed preattentively, rapidly, and in parallel across
a broad portion of the visual field, but that decisions based
on conjunctions of features (e.g., color and form) nor
mally require focused visual attention.

Do the types of processes that occur in early vision ex
tend more generally to the haptic system? It is unlikely
that the question will be answered completely in the af
firmative, as there are some considerable differences be
tween the two perceptual systems, the implications of
which may be profound. First, for example, the systems
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are not equally sensitive to all forms of physical energy,
nor are they likely to process the same attributes of ob
jects and surfaces equally well. Second, the retina is an
extended surface that moves as a unit, whereas the hand
is a multi-degree-of-freedom structure with five append
ages ("retinas"), which can be moved semi-independently
during exploration. Third, while the haptic system com
monly uses afferent information obtained through a se
quence of contacts, vision usually has available for
processing considerable information within a single reti
nal image.

It is clearly important to consider the ramifications of
such differences for perceptual processing. On the other
hand, these differences do not preclude the haptic sys
tem's resembling vision in having distinct preattentive and
attentive encoding mechanisms, nor do they preclude its
having identifiable features. Therefore, as a first explora
tory step in studying these issues, it seemed worthwhile
to begin by adapting a simple, but informative, visual
paradigm as closely as possible for use with the haptic
system.

Treisman has employed a number of experimental
paradigms to test the validity of the feature integration
theory. We chose to adopt the visual search paradigm,
which is described next, for use with haptic displays. For
vision, the search task tests the notion that, initially, an
observer examines a visual display preattentively and
without focused attention, analyzing the display in terms
of various separable dimensions. Treisman et al. (1977)
demonstrated that when searching for a colored target
(pink) in a set of colored distractors (brown and purple)
or a form target (0) in form distractors (N or T), the reac
tion time to determine that the target was present was in
dependent of the number of items in the display or was
nonlinear. Such flat or nonlinear target functions are in
terpreted in support of a parallel, preattentive search.

When subjects searched for the conjunction of values
from two such separable dimensions (pink a in green a
and pink N distractors), reaction time varied in a strictly
linear fashion with the number of items in the display.
Moreover, the ratio of the slope of the no-target to target
functions was approximately 2: 1, indicating the use of a
serial self-terminating search. Treisman argued that, in
the conjunction task, it is necessary to direct one's atten
to the location of a particular item in order to examine
both of the properties at that position simultaneously.

Similar results (i. e., flat or nonlinear functions) were
subsequently obtained with a more powerful disjunction
task replacing the single-feature task (Treisman & Gelade,
1980). Subjects were asked to search concurrently for
either of two targets, each defined by a different feature
(a form [S] and a color [blue)). The task therefore required
the observer to attend to both dimensions at the same time
(as in the conjunction condition); however, it was never
necessary to consider the conjunction of these two
dimensions.

Treisman's results are consistent with the notion that
early visual processes are spatially parallel without ca-
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pacity limitations and that attention is required for spa
tial conjunction of distinct dimensions, although there are
alternate interpretations of the reaction time functions
(Townsend, 1974). Regardless of the underlying models,
the search paradigm offers clear evidence of two types
of visual processes, the operations of which depend upon
the nature of the target dimensions.

We selected an equivalent haptic search paradigm since
it allowed us to compare the processing of haptic inputs
with existing visual data and interpretations. For exam
ple, we could examine the generality of the preattentive
attentive distinction by considering whether a similar
processing distinction could be observed between disjunc
tion and conjunction conditions in haptic search tasks.
Texture and edge orientation were selected as stimulus
dimensions on the basis of the physiological and be
havioral data on the somatosensory system available at
the time the project began (for reviews of this literature,
see Loomis & Lederman, 1986, and Sherrick & Chole
wiak, 1986). Textural tasks, in particular, are performed
very well by the haptic system (e.g., Lamb, 1983;
Morley, Goodwin, & Darian-Smith, 1983); texture is also
highly salient to haptics (Lederman, 1982; Lederman &
Abbott, 1981; and most recently, Klatzky, Lederman, &
Reed, 1987).

In keeping with Treisman and Gelade (1980), Experi
ment 1 involved a disjunction task in which observers
searched each display for either a rough (horizontal) or
a vertical (smooth) target, among smooth horizontal dis
tractors. Experiment 2 involved a conjunction task in
which observers looked for a rough and vertical target,
among rough horizontal and smooth vertical distractors.
Experiment 3 was conducted to consider whether the self
terminating process adopted in Experiment 2 (cf. Experi
ment 1) could be explained by an increase in task
difficulty. It involved a difficult single-feature orientation
task in which subjects searched each display for a slanted
(smooth) target among (smooth) horizontal and (smooth)
vertical distractors. The stimulus displays in all experi
ments varied in the number of items present.

EXPERIMENT 1: HAPTIC SEARCH FOR
TEXTURE/ORIENTATION DISJUNCTIONS

In accord with the visual disjunction paradigm, ob
servers searched for the presence of either a rough
horizontal bar or a smooth vertical bar (target item),
among smooth horizontal bars (distractor items). The tar
get was present on only half of the trials. The number
of items in the display varied from one to six. In any dis
play, either no item (i.e., a smooth surface) or one item
under each finger was possible. Observers judged whether
the target was present ("yes") or not ("no") as quickly
and as accurately as they could.

According to Treisman, if either texture and/or orien
tation is processed initially in parallel at a preattentive
stage, the target function (reaction time as a function of
number of items) should be flat; that is, reaction time
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should be relatively unaffected by the number of items
in the stimulus displays. Alternatively, the functions may
contain a significant nonlinear component, although Treis
man argues that the latter does not imply a serial decision
making process. The interpretation of visual nonlineari
ties is discussed briefly in the Discussion section follow
ing Experiment 2 (see also Treisman & Gelade, 1980,
p. 112).

Serial processing would be indicated by nonflat target
and no-target functions in which only the linear compo
nent was statistically significant. In this event, the ratio
of the no-target to target slopes would further suggest the
nature of the serial process. For example, parallel func
tions would indicate an exhaustive search, whereas a 2: 1
ratio would point to a serial self-terminatingsearch. Varia
bility can be used in addition to make this distinction
(Townsend & Ashby, 1983). Because of the variation in
termination points, self-terminating search should have
greater variance than exhaustive search.

Method
Observers. A total of 8 observers, 3 females and 5 males, were

paid for their participation. Their ages ranged from 19 to 37, with
a mean of 24 years. All were experimentally naive and described
themselves as right-handed.

Apparatus and Stimuli. The stimulus items were three
dimensional bars (17 mm long x 3 mm wide x 2 mm high) con
structed of Plexiglas with a covering surface of plastic Brailon paper.
Two dimensions of each bar were independently varied: texture and
orientation. Thus, a bar could have a smooth or rough surface
texture, and it could also be oriented either vertically or horizon
tally.

The smooth surface simply consisted of unengraved plastic paper,
cut to size, and glued to the top surface of the three-dimensional
bar. The rough surface was created by engraving a regular raised
dot pattern on plastic paper. The engraving was achieved by a
process known as thermoforming, in which heat-sensitive plastic
paper is melted over a three-dimensional pattern master and drawn
down by a vacuum pump to conform to the pattern beneath. The
masters were created for other experiments by producing regular
print (i.e., two-dimensional) arrays of dots by computer, and then
photoengraving the patterns, using a Nyloprint technique to produce
plastic polymer masters. When cut to cover the top of the rectan
gularly shaped bar, the dots (approximately 0.4 mm in diameter)
formed a single line along the long dimension of the bar with a
2-mm separation between the inner edges of adjacent dots. However,
when examined haptically, the bar appeared to have a uniformly
rough surface texture with no property of orientation independent
of that of the bar (i.e., the set of engraved dots was not perceived
as a line superimposed within and parallel to the long edges of the
bar).

The orientation dimension consisted of two feature values: ver
tical and horizontal; that is, the bars were oriented either parallel
or perpendicular to the observer's finger axis. Pilot work confirmed
that the texture and the orientation pairs were both clearly dis
criminable.

The apparatus is shown in Figure I. It consisted of two Plexi
glas three-finger slots (one for each hand), a display tray, and the
stimulus display sheets. The finger slots were 7.7 em across, 1.2 em
high, and 6.4 em deep. Each separate finger trough was 1.8 em
across, 0.9 cm high, and 2.5 em deep. The closed ends were semi
circular to fit the natural curve of the fingertips; the middle finger
troughs were offset an additional 0.5 em to adjust for their rela
tively longer length.

The display tray was constructed of Masonite. The base of the
tray measured 28.0 cm across x 12.0 ern deep x 0.1 ern thick,
with 26.0 x 1.0 x 0.1 em edges added to the top of the front and
back sides of the tray. The left and right edges were 1 ern across
x 12 cm deep x 0.2 em thick. These edges permitted the ex
perimenter to insert the 26 x 10 em display sheets into the correct
position with respect to the observer's fingers. The stimulus sheets
were fixed in place by two-sided tape placed on the stimulus tray.
There were holes in the base of the tray to assist the experimenter
in removing the stimulus sheets quickly. The tray was attached to
and balanced between the pads of two Armaco Brass telegraph keys,
one centered under each hand.

There were six stimulus positions on the stimulus displays, each
measuring 2 x 2 cm. Numbering them from 1 to 6, corresponding
to left ring finger, left middle, left index, right index, right mid
dle, and right ring, positions I, 3,4, and 6 were 0.25 ern above
the horizontal midline and 1.75 cm below it. Positions 2 and 5 were
1.75 cm above the midline and 0.25 ern below it. The locations
of the stimulus positions, given as the distance in centimeters from
the left-hand edge of the sheet to where each began, were 3.3,5.8,
8.8, 16.3, 18.8, and 21.3 em for Positions I to 6, respectively.

In any stimulus display, the target was either a rough (horizon
tal) or a vertical (smooth) bar, but never both. The distractors were
all smooth horizontal bars.

Two sets of 12 different displays were prepared for use in the
texture trials; another two sets of 12 displays were prepared for
the orientation trials. Each display consisted of from one to six items
and, over a set of 12 displays, each possible number of items was
presented both with and without a target (target and no-target con
ditions, respectively); the target was presented once in each of the
six finger positions. The position of the distractors was determined
randomly, with the stipulation that they be relatively equally dis
tributed across each finger position. Note then that, on each trial,
it was necessary to monitor the three fingers of both hands. A set
of practice displays was also prepared for training the observers
on the texture-orientation disjunction task.

A VK-Q03 voice key, a Vantek V-2600 Unidirection Dynamic
microphone, and a DEC PDP-llI03 computer were used to collect
the reaction times by monitoring the voice and telegraph-key
responses via a parallel interface.

Procedure and Experimental design. Each observer read the
following instructions: "On each trial, you will feel raised stimuli
under some of your fingers. You are asked to determine if anyone
of those stimuli is one of the specified targets (ROUGH or VER
TICAL). The remaining stimuli will be HORIZONTAL and
SMOOTH. For any given trial there will be only one target (either
ROUGH or VERTICAL, but not both), if it appears at all. The
target will only be present on half the trials. You are asked to state
if the target is present ('yes' or 'no'). Do this as quickly as possi
ble since speed is being measured. However, it is also EX
TREMELY IMPORTANT that you make no mistakes in this task.
You will be told whether you are correct or not after each trial.
Please do not use your nails."

The observer was shown the apparatus and then blindfolded for
the remainder of the session. Next, the observer practiced sliding
both hands away from the finger slots so that all the fingers would
contact the appropriate positions in the stimulus display at approx
imately the same time. Once contact was made, the observer could
move fingers in any direction over the stimuli.

The observer was instructed to determine whether there was a
target present or not on each trial. Although the observer was aware
that the total number of items in a display could vary from one to
six, he or she was never told the precise number on any trial. The
observer was told to answer "yes" when there was a target and
"no" when there wasn't one, and was instructed to be as fast and
as accurate as possible. On each trial, the experimenter indicated
whether the answer was correct or not. If an error was made, the
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Figure 1. 1be experimental apperatus.

trial was repeated at the end of the session without informing the
observer. Thus, only the reaction times for correct trials were used
in the statistical analyses.

The observers began with at least eight practice trials. On each
trial. the stimulus display was placed in the tray while the observer
waited with hands pulled back from it. When told by the ex
perimenter to do so, the observer placed both hands in the finger
slots. On a second signal, the observer moved the hands down to
the stimulus tray, with the middle three fingers ofboth hands guided

to Stimulus Positions 1 through 6. As soon as thetray was depressed,
that is, when the switches to both telegraph keys had been triggered,
the computer timer began. The observer was allowed to examine
each item only with the associated finger. The trial terminated when
the observer said "yes" or "110"; activation of thevoice key stopped
the timer. The reaction times were recorded by the computer.

Next, the observers were given four complete blocks of trials,
each presenting the full set of 48 experimental displays in a differ
ent random order. A 5-min break, followed by eight practice trials,



226 LEDERMAN, BROWSE, AND KLATZKY

occurred between successive blocks. Thus, each observer received
the same displays, but the order of presentation within each block
was randomly varied. The first block served as additional practice,
and was discarded. Across the three remaining blocks, the texture
and orientation targets were presented in each of the one- to six
item conditions a total of 6 times; the corresponding no-target con
ditions were each presented 12 times. As the stimulus displays and
their presentation were not automated, it was virtually impossible
to present the target in each of the six positions with all possible
combinations of both number andposition of the additional distractor
items. Therefore, the current experimental design does not lend it
self to an analysis of the relative performance of the different fingers,
or to consideration of serial position effects.

Results
The reaction times were analyzed using an analysis of

variance with a within-subject factorial design. The five
factors were: target dimension (2), number of items (6),
target/no-target (2), blocks (3), and replications within
blocks (2).

The main effect of target dimension (orientation vs. tex
ture) was not statistically significant. The main effect of
number of items was highly significant [F(5,35) = 30.97,
P < .0001]. The effect of target/no-target was also
statistically significant[F(I,7) = 13.45,p < .005]. These
effects may be seen in Figure 2, in which mean reaction
times (for correct responses) are plotted as a function of
the number of items in the display for the texture, orien
tation, and no-target conditions. The interaction term,
number of items x target/no-target, failed to reach sig
nificance [F(5,35) = 0.96, p > .05J. A linear trend anal
ysis on the number of items indicated a significant linear
component [F(I,7) = 70.41, P < .0002J; however, the
overall non-linear residual was also statistically signifi
cant [F(4,28) = 9.99, p < .001]. For purposes of com-

parison only, linear fits of the functions shown in Figure 2
were obtained with a least squares analysis. The slope.
(millisecond increase in RT/added item) and correspond
ing r values (bracketed) are as follows: no-target, 64
(.77); texture target, 65 (.84); and orientation target, 5~

(.50). The ratio of no-target to target slopes were 0.9;
and 1.08 for texture and orientation, respectively.

Of the remaining significant factors pertaining to the
effects of repeating various stimulus conditions, only the
main effect for blocks accounted for more than a negligi
ble proportion of the variance [F(2, 14) = 12.16,
P < .005J, indicating that reaction times decreased with
practice.

The standard deviations associated with the means for
the 12 target/no-target x number of items conditions
shown in Figure 2 are reported in Table 1. The error rates
are also presented in Table I: they averaged 1.5 % and
5.5% for false positives and misses, respectively. The pat
tern of errors was for the false-positive rate to remain rela
tively constant; the miss rate, as a function of number of
items, was somewhat variable. The finding that misse,
exceed false alarms, especially as the display size in
creases, is quite typical of visual search data (e.g., Krue
ger & Shapiro, 1980), and probably reflects the fact that
nontargets outnumber targets (maxirnirnum of one per dis
play) in most displays.

To briefly summarize the results of Experiment I, the
no-target and two-target functions for the disjunction task
were parallel, as indicated by the nonsignificant double
(number of items x target/no-target) and triple interac
tion terms (items x target/no-target x target dimension),
and by the fact that with linear fits to these functions, the
ratios of the slopes for no-target to target functions were
close to 1: 1, for both texture and orientation. The slopes

Table 1

Experiment I Experiment 2 Experiment 3

Number (Disjunction) (Conjunction) (Single Feature-Orientation)

of Items No Target Target (T) Target (0) No Target Target No Target Target

Standard Deviations (seconds)

I 120 91 149 137 110 437 462
2 161 101 143 271 133 663 777
3 169 145 231 422 293 985 523
4 236 212 324 286 446 514 759
5 227 212 200 367 189 896 1044
6 183 202 220 292 322 1188 981

Mean SD 183 161 211 296 249 781 758

Errors (%)

1 3.0 0.0 0.0 2.0 0.0 0.0 13.5
2 5.0 4.0 15.8 2.0 4.0 3.0 13.5
3 4.0 2.0 2.0 0.0 18.6 5.9 13.5
4 5.0 17.2 22.6 2.0 9.4 8.6 31.9
5 5.0 29.4 4.0 7.7 15.8 8.6 15.8
6 3.0 15.8 12.7 4.0 12.7 20.0 30.4

Mean errors 4.2 11.4 9.5 3.0 10.1 7.7 19.8

FA miss miss FA miss FA miss

Note-FA = false alarms, T = texture, 0 = orientation.
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F"1gUI"e 3. Experiment 2: Mean search timesas a function of num
ber of items in the stimulus display (conjunction task).

CONJUNCTION

was present on half. Each display consisted of from one to six items,
each possible number of items being presented bothwith andwithout
a target. The target was presented once in each of the six finger
positions per set. The position of the distractors was determined
randomly. with the stipulation that the two kinds of distractors be
relatively equally distributed across each finger position over the
entire set of stimulus displays. As mentioned in Experiment I, the
experimental design chosen to accommodate the limitations of
preparing and presenting the stimulus displays manually does not
lend itself to analysis of either relative finger performance or serial
position effects.

Procedure and Experimental design. Each observer read a set
of instructions and was shown the apparatus. He or she was then
blindfolded for the remainder of the session. As in Experiment I,
the observer practiced sliding bothhands away from the finger slots
to the stimulus display below. The instructions were identical to
those used in Experiment I, except that the observers were told
to search for the presence of a rough and venical target from among
rough and horizontal, and smooth and vertical, distractor items.

The observers began with the practice set presented twice, for
a total of24 trials. Following the practice trials, the 24 experimen
tal stimulus displays were presented three times to each observer.
The order of presentation within each block of 24 trials was ran
domly determined within and across observers. The average ex
perimental session lasted about 45 min. There was a break of 3-5
min between experimental blocks.

Results
The reaction times for correct responses were analyzed

by analysis of variance using a factorial design with four
within-subject factors: number of items (6 levels), tar
get/no-target (2), blocks (3), and replications within blocks
(2).

The main effect for number of items was highly sig
nificant [F(5,35) = 32.8, p < .0001]. The main effect
for target/no-target was significant [F(l,7) = 19.9,
p < .005], indicating that the no-target items took longer
to evaluate than the target items. These effects may be
seen in Figure 3: the mean (correct) reaction times are
plotted as a function of the number of items for both the
target and no-target conditions. Each datum is based on
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EXPERIMENT 2: HAPTIC SEARCH FOR
TEXTURE/ORIENTATION CONJUNCTIONS

F"1gUI"e 2. Experiment 1: Mean search timesas a function of num
ber of items in the stimulus display (disjunction task).

In Experiment 2, observers were instructed to search
for a conjunction target, namely a rough and vertical bar,
among smooth vertical and rough horizontal distractors.
Treisman has argued that to the extent that the conjunc
tion target and no-target functions are completely linear
and not flat, the visual conjunction task is performed us
ing a serial search strategy. The nonlinearities observed
in the disjunction search should not occur, since only one
item at a time is being searched. To the extent that a no
target.target-slope ratio of2: 1 occurs, the data would fur
ther support the interpretation that a self-terminating
strategy has been adopted, in which observers stop as soon
as they find a target.

were substantially greater than zero, indicating increas
ing (not flat) functions. Finally, there were significant non
linearities in the functions. The results will be discussed
at the end of Experiment 2.

Method
Observers. Eight undergraduate observers, 5 males and 3 fe

males, ranging in age from 18 to 25 years, with a mean of 20.6
years, participated. They were paid $5. All described themselves
as right-handed and were experimentally naive.

Apparatus and Stimuli. The apparatus and method of prepar
ing stimulus items and displays are discussed in detail in Experi
ment 1. Two dimensions were used to form conjunctions, namely,
texture and orientation.

The texture dimension consisted oftwo features: roughness and
smoothness. The orientation dimension consisted of two features:
venical and horizontal, that is, either parallel or perpendicular to
the observer's finger axis.

The target items were rough and vertical. The two kinds of dis
tractors were rough and horizontal, and smooth and vertical. There
were 12 practice and 24 (i.e., two different sets of 12) experimen
tal stimulus displays used. For each set of 12 displays, the target
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48 scores, with one exception. Due to an error, the data
point representing the no-target, 3-item condition is based
on 45 scores. The interaction of these two terms was also
highly significant [F(5,35) = 5.1,p < .(05). Thus, we
examined the results of separate trend analyses on the
number-of-items term for target and no-target functions.
For the target function, the linear component was highly
significant [F(1,7) = 28.17,p < .002); the residual non
linear component barely attained significance [F(4,28) =
2.72, P = .05). For the no-target function, only the linear
component was significant [F(1,7) = 86.06,p < .0003];
the nonlinear residual component was not significant
[F(4,28) = 1.65, P > .10).

A least squares analysis yielded slopes (msec/item) of
194 (r = .98) and 119 (r = .88) for the no-target and
target functions, respectively, with a ratio of 1.63. At
test was performed on the corresponding slope ratios for
the 8 individual subjects. The ratio of the no-target to tar
get slopes was not statistically different from 2.0 [t(7) =
1.48, P > .05).

The standard deviations and errors associated with the
12 target/no-target x number of items conditions are
reported in Table 1. Error rates were approximately 4 %
and 10% for the false positives and misses, respectively.
The error rates for the false positives were again rela
tively low; there was no obvious pattern for the target
data.

Discussion of Experiments 1 and 2

The following discussion is exploratory and specula
tive in nature. At thisearly stage in our research program,
we view our results more as a vehicle for probing critical
issues likely to prove important in subsequent investiga
tion than as confirmation of specific perceptual processes.
We have already noted several differences between the
visual and haptic systems that may affect perceptual
processing. In addition, when applying tests of preatten
tive/attentive and parallel/serial processing to the haptic
domain, there are also considerable constraints on the
amount of data that can be collected manually. This is
partly due to the lack of a suitable technology for quickly
and simultaneously presenting to the skin patterns that can
be dynamically controlled in three dimensions. It is also
partly due to the inherently slow, sequential nature of
much haptic exploration, that is, of finger and hand move
ments. Accordingly, our data base is one-quarter the size
of Treisman and Gelade's (1980, Experiment 1), and
hence considerably more variable.

Recognizing these experimental limitations, let us con
sider the results of the haptic conjunction task first. The
major results are that the no-target and target functions
are not parallel, as indicated by the significant interac
tion term, items x target/no-target. The slope ratio for
the no-target:target functions is not statistically different
from 2.0. Finally, the residual nonlinear component of
the no-target function is not significant; for the target func
tion, it barely attains significance at the .05 alpha level.
The mean reaction time data are very similar to those ob-

tained by Treisman and her colleagues in visual conjunc
tion searches, and would seem to indicate that a serial,
self-terminating search is being performed under cor
responding haptic search conditions as well, using focused
attention.

Krueger (1984) has considered two additional indica
tors of self-termination in a same/different visual search
task in which display length was varied. The indicators
are the standard deviations of the reaction times and the
error rate. He noted two competing influences of self
terminating processing on the standard deviation (Town
send & Ashby, 1983, Proposition 7.7). First, the varia
bility of reaction times should generally be increased un
der self-termination, because there is a greater range of
places to stop processing. This is a "macro" level effect
of the search process as a whole. Second, and contrary
to the first effect, variability should be decreased, because
each item's individual variability contributes to the whole,
and fewer items are processed on average in a self
terminating process. This is a "micro" effect at the item
level. The presence of two competing effects means that
self-terminating processing will lead to a larger standard
deviation than exhaustive processing only if the macro
level effect is large relative to variability at the item level.

Micro effects might be expected to be quite high here,
however, because of possible sources of variability that
are unique to haptics. In particular, it is likely that sub
jects take some time to align their fingers on the individual
items before processing of stimulus information can be
gin. Such an adjustment may explain the nonlinearities
in the present disjunction task, assuming that alignment
of several fingers can be done faster than each finger in
isolation.

With these points in mind, consider the standard devi
ations in the current conjunction task. Here, early termi
nation could occur on positive trials only if the target is
found before the full set of items is processed. Negative,
no-target trials clearly must constitute an exhaustive
search. Note, too, that negative response times are gener
ally larger, which would tend to increase variability.
However, the standard deviation of the faster trials was
as great as that of the no-target trials, particularly in the
longest displays (where there are more possible termina
tion points; see Townsend & Ashby, Proposition 7.8).
This suggests a mechanism that increases variability in
the target condition, namely, self-termination.

Krueger (1984) also pointed out that error data might
reflect the processing strategy underlying reaction times.
The data for the conjunction task show a pattern consis
tent with Krueger's prediction for self-termination, in that
the miss (false-negative) rate tends to increase with dis
play size. More definitive evidence would be an increase
in errors when the target position moves from left to right
in the display, but, because of the experimental constraints
mentioned at the beginning of this section, it was not pos
sible to obtain reliable serial position data.

In the disjunction task, the target and no-target func
tions are not flat. The ratio of the no-target to target slopes
is close to 1:1 (as indicated by the fact that the appropri-



ate interaction is not statisticallysignificant). These results
differ from those of Treisman and her colleagues, who
have obtained relatively flat target functions and very large
no-target to target slope ratios (e.g., 8: 1), which they in
terpret as evidence of an unlimited-capacity parallel
search.

There are at least two interpretations of the disjunction
data in Experiment 1 that we have seriously considered.
The first alternative, which is consistent with Treisman's
visual disjunction model, suggests that the haptic disjunc
tion task in Experiment 1 is performed by an unlimited
capacity parallel process that occurs preattentively. It sug
gests that the positive slopes of the two parallel functions,
and the nonlinearities (as noted above), are produced by
a serial multiple-finger alignment process superimposed
on an unlimited-eapacity parallel decision process. We
propose that the serial process is the result of subjects'
having to ensure that all fingers are properly aligned on
each item. Note that the early multiple-finger coordina
tion process proposed is unrelated to the processes deter
mined by the decisions about item dimensions. This in
terpretation, then, is consistent with Treisman's argument
that the visual nonlinearities she obtained in the disjunc
tion search task were due to serial eye fixations.'

In summary, this first interpretation suggests that in the
disjunction task, the target and no-target functions
represent the results of a capacity-unlimited parallel
search, while the properties of the conjunction functions
indicate a serial self-terminating process. In keeping with
this Treisman interpretation, the fact that the reaction
times for one-item searches are identical in both the dis
junction and conjunction search tasks is, as Treisman ar
gues (Treisman & Gelade, 1980, p. 105), critical to the
preattentive/attentive distinction in visual data. It is only
when the observer must process information presented to
multiple spatial positions that we would expect differences
in reaction time as a function of the nature of the search
task.

A second alternative is that a serial, but exhaustive,
search underlies the parallel disjunctive functions ob
tained, in contrast to the serial self-terminating search pro
posed for the conjunction task. Sternberg (1975) has ar
gued that processing in memory search shifts from serial
exhaustive to self-terminating when the difficulty of the
task increases. Although the argument is initially coun
terintuitive, an exhaustive search may, in fact, prove more
expedient than a serial, self-terminating search if the time
taken to make a comparison between each item and the
memory of the target is fast, relative to the time required
to decide if there is a match. If we were to extend this
interpretation to the haptic tasks, the difference between
Experiments 1 and 2 could then be explained as a change
in serial processing from exhaustive to self-terminating,
due to an increase in task difficulty (and concomitant
slowed search rate), rather than as a change in process
ing that switches from not requiring to requiring atten
tive capacity. Experiment 3 was therefore performed to
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assess the consequence of manipulating task difficulty
directly.

In a final comment on Experiments 1 and 2, we note
that the tendency of the no-target function to lie above
the target function agrees with other studies which have
found that it takes longer to say "no" than to say "yes"
(e.g., Nickerson, 1966). The difference in reaction time
between the two functions may simply be due to the fact
that less acoustic energy is required to say "no" than
"yes" (although it is sometimes found with digit-press
as well). The results of an additional small pilot study sup
port this interpretation: Two observers were required to
drop their fingers from the finger holder onto the display
below and to say "yes" or "now" (rather than "no")
as soon as their fingers made contact. A number of dis
plays with 1-6 items were presented. As with the "no"
curves, the "now" curves lay consistently above the
"yes" curves.

EXPERIMENT 3: PROCESSING A
DIFFICULT HAPTIC SINGLE-FEATURE

(ORIENTATION) SEARCH

Manipulating task difficulty directly provides a means
of evaluating the issues raised above. In keeping with
Sternberg's (1975) argument, a difficult haptic task with
a slow rate of item processing should force a serial self
terminating process, as with memory search tasks using
visual probes. If so, we should find a no-target.target
slope ratio similar to 2:1, as in Experiment 2 (conjunc
tion task). This difficulty manipulation should also lead
to reaction times, standard deviations, and errors that are
higher than those of Experiment 1 (disjunction task).

These predictions were tested in Experiment 3, in which
a single-feature (i.e., constant target) search was used.
We had initially planned to increase the difficulty by ad
ding intermediate values to both the orientation and tex
ture dimensions. Unfortunately, it proved impossible to
reproduce (by thermoforming) three precisely varying
roughness values that yielded error rates low enough for
reaction times to be interpretable. As there was no such
difficulty with 0° ,45°, and 90° bar orientations, we chose
to perform a single-feature (orientation) search experi
ment in which a bar slanted 45 ° to the right served as
target and (smooth) vertical and (smooth) horizontal bars
served as distractors.

Method
Subjects. Eight undergraduates (4 males and 4 females)were paid

for participating. Their mean age was 23.9 years; all described them
selves as right-handed.

Stimuli and Apparatus. General details concerning stimuli and
apparatus may be found in Experiment 1. The orientation dimen
sion used in the single-feature search task consisted this time of
three values: 0°, 45° (slanted right), and 90°.

The target was a (smooth) 45° bar oriented to the right of the
subject's longitudinal finger axis. The two kinds of distractors were
(smooth) vertical and (smooth) horizontal bars.
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The results of these experiments can be summarized as
follows: In a disjunctive search task with texture or orien
tation targets, haptic observers produced reaction time
functions that increased nonlinearly with items and had
equal slopes for target and no-target conditions. In a con
junctive version of the task, the functions were linear (no
target) or nearly so (target), the slope ratio was 2: 1, and
both functions increased more rapidly than in the disjunc
tion task. There was no difference in reaction times for
the one-item searches in the two experiments. Finally, a
difficult single-feature search for orientation also produced

GENERAL DISCUSSION

The associated standard deviations and percent errors
(presented in Table 1), arealso a great deal larger, provid
ing additional evidence that the manipulation of task
difficulty was successful. The nonsignificant number of
items x target/no-target interaction term may simply
reflect reduced power in this experiment, due to higher
response times and associated higher variability. Given
that the ratio of no-target to target slopes was 1.61, almost
identical to that obtained in Experiment 2 (which was not
statistically different from 2.0), it does not seem plausi-
ble to accept the null hypothesis. .

In generally satisfying the predictions above regardin_
an increase in reaction times and a slope ratio greater than
1: 1, the data may be reasonably interpreted as providing
a haptic counterpart of memory search with visual probe.
(Sternberg, 1975): A difficult haptic search task causes
the use of a serial self-terminating search process.
However, the implications of these results for interpret
ing Experiment 1 are not entirely straightforward. One
line of reasoning is to assume that the difference between
Experiment 1 (easy disjunctive) and Experiment 3
(difficult single-feature) is like that observed with memory
search: it represents a shift from serial exhaustive to self
terminating processing as search rate is slowed. However,
self-termination in Experiment 3 does not definitively es
tablish exhaustive scanning in Experiment 1. The two
studies may still represent distinct processing mechanisms,
namely parallel and serial. .

In addition, these results differ from those of Experi
ment 2 (conjunctive). Experiments 1 and 2 showed ap
proximately equal reaction times to single-i~m display~,

as is expected for disjunctive and conjunctive tasks; in
Experiment 3, performance was considerably slower. On
this basis, the difficulty manipulation of Experiment 3 ap
pears to involve single-item processing (i.e., a difficulty
in discriminating between target and distractors, requir
ing serial fixation of each item with the app~opri~te

finger-"haptic foveation"); in contrast, conjunctive
search follows the pattern predicted when difficulty oc
curs because of the need to verify a common spatial lo
cus for two discrete object dimensions (see Treisman &
Gelade, 1980, p. 113). The difference in what constitutes
task difficulty again suggests caution in using Ex~ri

ment 3 to infer the nature of disjunctive-task processing.
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Figure 4. Experiment 3: Mean search timesIL'l a function of num
ber of itemsin the stimulus dmpIay (single-feature orientation search
task).

Procedure. Subjects were given the same kinds of instructions
as previously. They began with a set of eight practice trials (four
target and four no-target). This was followed by the presentation
of a set of 24 stimulus displays, in random order, twice (i.e., two
blocks). The set consisted of displays with one to six items, each
possible number of items being presented twice within a block, both
with and without a target. In each set of24 displays, the target was
presented twice in each of the six finger positions. However, as
before, the position and type of distraetor were determined ran
domly, such that the two distraetors occurred about equally often
within each display as well as across the set of 24 displays.

Results and Discussion
The reaction times were analyzed in an analysis of vari

ance using a factorial design with four within-subject fac
tors: number of items (6), target/no-target (2), blocks (2),
and replications within blocks (2).

Figure 4 shows the mean reaction times for the 12 num
ber of items x target/no-target conditions. The main ef
fect for number of items was highly significant [F(5,35)
= 9.00, p = .0001]. As in Experiment 2, a trend anal
ysis was performed separately on the target and no-target
functions, using the number-of-items term. Only the linear
components were significant [Fs(l,7) = 8.55 and 18.63,
ps < .025 and .005, respectively]; neither of the cor
responding residual nonlinear components was significant,
[Fs(4,28) = .74 and 1.10, n.s.]. The effect of the factor
target/no-target was marginally significant [F(l,7) =
5.44, p = .05], with the no-target condition taking longer
than the target condition. Although the interaction term,
number of items x target/no-target, was not statistically
significant [F(5,35) = 1.12, P = .37[, the slope of the
no-target function was 196 (,-2 = .88), while that of the
target function was 122 (,-2 = .88). .

The reaction times for the six different display condi
tions are all considerably higher than those for the cor
responding orientation conditions of the disjunction task.



very steep linear functions with a slope ratio close to 2: I;
overall, the reaction times, standard deviations, and er
rors were considerably greater than those obtained in
either the disjunction or conjunction tasks.

In keeping with Treisman's feature integration theory,
we suggested that disjunctive search for simple orienta
tion and texture targets might use a parallel, capacity
unlimited process, on which was superimposed an addi
tional, at least partially serial, process of finger alignment.
This would lead to the nonlinear, parallel increasing func
tions observed in that task, under the assumptions out
lined above. A second alternative is that the parallel func
tions of the disjunction task represent the use of a serial
exhaustive search process. This would seem particularly
appropriate if the task could be more efficiently performed
using exhaustive, as opposed to self-terminating, process
ing. Unfortunately, the current data do not permit us to
decide conclusively in favor of either interpretation at this
time. Nevertheless, these data show clear contrasts in the
haptic processing of information under different search
demands (disjunctive, conjunctive, and difficult single
feature search).

The results of Experiments 2 and 3 further address these
two interpretations. We have noted that the reaction time
slope ratios obtained in Experiments 2 and 3 were both
close to 2: 1. It appears, then, that haptics used a serial
self-terminating attentive process in both the conjunction
and single-feature search tasks. Clearly, task difficulty
is an important factor in eliciting haptic, as well as visual,
serial self-terminating attentive processing (at least when
processing orientation; recall that texture was not tested).
However, we have noted that in Experiment 3, the reac
tion times were generally slow. And more specifically,
single-item response times were larger than those of Ex
periment I, whereas in Experiment 2, the single-item
response times matched those of Experiment I. This sug
gests that Experiment 3 was difficult because of low in
teritem discriminability, whereas Experiment 2 follows
the pattern predicted when difficulty arises because of the
need to focus attention on spatially distributed informa
tion. Furthermore, the disjunctive search in Experiment 1
might have elicited parallel processing, as Treisman has
demonstrated in corresponding visual tasks.

We view the present results as a first step in determin
ing the nature of early haptic processing. At this point,
it is not known which haptic primitives, will prove most
valuable in the development of models of human and
machine haptic object processing. We use the term
"primitives" in the computational modeling sense (e.g.,
Marr, 1982), to refer to the simplest components in an
object representation. Doubtless, there will be different
primitives at different levels, as is common in computa
tional vision systems (e.g., Marr, 1982). There are a num
ber of criteria that could be used to judge if a given dimen
sion should be included as a haptic primitive.
Unfortunately, none is universally accepted. In the cur-
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rent paradigm, Treisman's "pop-out" phenomenon (i.e.,
detection time invariant over display size), would argua
bly be the strongest evidence, in that it suggests that
dimensional information is detected automatically. If the
present disjunctive search pattern is taken as evidence of
underlying parallel processing, both line orientation and
surface roughness would be candidates for primitives.
However, the equivocal nature of the results precludes
such a conclusion.

There are several reasons why texture, more than orien
tation, would seem to be a reasonable haptic primitive can
didate, in the sense that it is a dimension that could be
processed preattentively. At the time the research was in
itiated, there was very little in the literature to guide the
choice of potential haptic primitives. In keeping with much
of the earlier tactile work, our selection of orientation was
dictated primarily by the fact that it was commonly used
in computational, neurophysiological, and behavioral
models of visual pattern perception. There was a stronger
basis for the selection of texture, given not only the com
putational and behavioral models that existed for this
dimension, but also psychophysical evidence that texture
can be processed relatively quickly and accurately. Sub
sequent work suggests, however, that information about
texture is readily available haptically, whereas informa
tion about orientation is not.

One relevant body of work is that of Loomis (1981),
who has modeled cutaneous extraction of shape informa
tion as bandwidth(resolution)-limited vision. The resolv
ing power of the fingertip for orientation is sufficiently
limited to cast doubt on a preattentive mechanism that
could make even modestly fine orientation discrimina
tions. A second set of findings comes from research of
Lederman and Klatzky (1987; Klatzky et al., 1987), who
have found that extraction of precise contour beyond the
scale of the fingertip requires a temporally extended period
of contour exploration that is relatively error prone.
Klatzky et al. further found that, relative to vision and
haptics used together, haptic exploration alone led to low
salience for shape properties of objects and high salience
for the substance properties of texture and hardness. Hap
tic explorers without vision tended to eschew the exten
sive contour examination needed to determine shape pre
cisely. The necessity for such exploration may motivate
serial attentive search, as was evidenced in our Experi
ment 3. Finally, a third source of converging results that
contrast the processing of texture and orientation derives
from pilot work for the current study. In single-feature
and disjunctive search tasks with simple discriminations,
the texture results consistently showed low slopes,
whereas the results for orientation were considerably more
labile and the slopes tended to have higher values.

Clearly, in developing a haptic analogue to Marr's
(1982) work on computer vision, further research is neces
sary to determine the units that are combined at various
levels of haptic processing. By establishing qualitative
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differences in haptic disjunctive and conjunctive search,
the present results represent an initial first step toward
this goal.
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NOTE

I. Similar nonlinearities might or might not be expected to appear
in the conjunction data. A linear function could be interpreted as in
dicating that subjects chose to align each finger and process each item
in a strictly serial fashion, knowing the nature of the conjunction task
ahead of time. Nonlinearities in the function could indicate that sub
jects prealigned fingers (as was proposed for the disjunctive task), then
performed a serial comparison process. The data suggest, in fact, that
both approaches may have been taken: There were some, but only mar
ginally significant, nonlinearities in theconjunction target function, and
none in the no-target function.

(Manuscript received June I, 1987;
revision accepted for publication January 29, 1988.)




