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Abstract—Precue validity affects the performance of percept
tasks. These spatial attention effects have been variously attribut
facilitation of processing, capacity allocation, or noise reduction.

used a new attention-plus-external (stimulus)-noise paradigm

model to identify the mechanisms of attention in cue-validity p3g
digms. A new phenomenon is reported: a large effect of location
validity in an orientation identification task that specifically occu
when the stimulus is embedded in external (environmental or st
lus) noise. This result identifies the mechanism of the effect as e
nal-noise exclusion, distinguished from stimulus enhancement
manifests itself only in noiseless stimulus environments.

One of the classic demonstrations of spatial attention without
movements is a substantial effect on response time, usually tg
appearance of a dot of light or stimulus onset, following a cue
attend to a location (Eriksen & Hoffman, 1972; Posner, 1980, 19
Posner, Nissen, & Ogden, 1978; Posner, Snyder, & Davidson, 14
Responses are faster when the test light appears in the validly
location, slower when the light is cued invalidly, and intermediate
neutral or uncued trials. Correspondingly, enhanced event-re

brain potentials have been observed for validly cued tests (Manguin

Hillyard, 1987). Attentional effects on simple response time have
played a major role in neurophysiological proposals concerning

brain substrates of an attentional system supporting visual oriemtlinﬁ

(Posner, 1988; Posner & Petersen, 1990). Interestingly, attent
effects of cuing a location have been more difficult to demonstrate
either detection or discrimination accuracy (or sensitivity) (Howa
& Lowe, 1966; Mertens, 1956; Shaw, 1984). Indeed, a numbe
researchers have suggested that some or perhaps even most
impact of spatial attention cuing on response time reflects resp
biases, temporal alerting, or changes in decision structure, rather
improvements in perceptual sensitivity (Palmer, 1995; Shaw, 1
Sperling, 1984; Sperling & Dosher, 1986; Sperling & Weichselg
ner, 1995). This situation naturally raises questions about the f
tional purpose of spatial attention and the mechanisms by w
attention operates.

At the same time, in those cases (among a number of attemp
which attentional improvements on accuracy (sensitivity) have b
reported (e.g., Bashinski & Bacharach, 1980; Downing, 1988; H
derson, 1996; Lyon, 1990; Lu & Dosher, 1998; Shaw, 1984),
conditions that produced them have been actively debated (C
Lyon, & Gottlob, 1994; Henderson, 1996; Shiu & Pashler, 1994). (
speculation is that attention may affect sensitivity only in demand
tasks. In one case (Bashinski & Bacharach, 1980), observers
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uakquired to detect an 1&liameterO that was displayed at 3.5° eq
ecemtricity for 12 to 15 ms, and the observed effect size was equive
W 17% in two-alternative forced choice (2AFC). In another stu
afidenderson, 1996), valid location cues yielded about 5% imprg
rrarents in 2AFC discrimination of a briefly presented and maskex
caeO at about 9.5° eccentricity. Finally, in an orientation detection t
rsat 3° eccentricity at threshold contrasts, we (Dosher & Lu, 1997;
n&-Dosher, 1998) observed an attentional shift in threshold of 1]
xeguivalent to approximately 12% in 2AFC accuracy. In le
til@tmanding tasks, location cuing may have very minor effects

sensitivity (Grindley & Townsend, 1968; Shaw, 1984). Furthermg

emeasking (Henderson, 1991; Shiffrin, 1988; Shiu & Pashler, 1994
Y€ The mechanism for attentional improvements in discrimination
e . : N
een theorized by various authors to be facilitation of proces
>osner, 1980), capacity allocation (Henderson, 1996), and nois
L’jction (Shiu & Pashler, 1994). The experiments reported here
ue. ew attention-plus-external-noise paradigm to distinguish me
¢ nrlsms of attentional improvement (Dosher & Lu, 1997; Lu & Dosh
%98) in central precuing of attention. This paradigm systematic
afed. . -
varies the strength of external (environmental or stimulus) n
added to a perceptual stimulus and compares thresholds at the
also, . . - . .
gterlon levels, which directly reveals the importance of noise ex
sion and of processing improvements in the absence of external 11
a perceptual task studied here was inspired by multilocation ¢
ks investigated by a number of researchers (Cheal & Lyon, 19
591b; Henderson, 1991; Shiu & Pashler, 1994). We present a
tf'nenomenon: the existence of a robust attentional cue-validity e
n, discrimination in the presence of high external noise under co
oﬁ the . . . .
ions that lead to very small or nonexistent cuing effects in noise
onse ... : T .
gﬂdltlons. An attentional effect that occurs only in high-noise er
i{gnments directly reveals a noise-exclusion mechanism. The u
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i ying mechanism of the attentional effect is quantitatively docume
Jr%lg,_ing a recz_ently deve_loped model for mechanisms of attention an
1igﬁternal-nmse paradigm (see Lu & Dosher, 1998, 1999a).
s) in
een
en- The main experiment examined the attentional effects of vali
the a central precue in an external-noise paradigm (Lu & Dos
he®98). Observers discriminated among Gabor patches (windowed
DRgaves) of four different orientations. A central precue pointed to
ing four stimulus locations 150 ms prior to the Gabor test stimu
Walthough central precues achieve maximum effect at a cue lead
of approximately 300 ms in unpracticed observers, in practiced
Lagrvers the effect with a cue lead time of 150 ms is essentially in
)i}ﬁguishable from the asymptotic cue effect (Cheal & Lyon, 199
d7ig. 5b), yet still precludes eye movements. The central precue
creplaced during the test stimulus with a report cue indicating

=
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location to be reported. The precue was valid on five eighths (.625
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the trials and invalid on three eighths (.375) of the trials, or one ei
(.125) of the trials at each invalid location. The probability ratio of
valid location to any one invalid location was 5:1, a strong mani
lation in the context of a four-location display. (Many experiment
cue validity use two stimulus locations and probabilities of .8 an
for a ratio of 4:1, or .75 and .25, for a ratio of 3:1.) The depen
measure was the signal contrast required to achieve various thre
levels. Performance following a valid or an invalid central cue
compared in a range of external-noise conditions.

Method

Stimulus and display
The “signals” in the discrimination task were Gabor patterns til
0° relative to vertical:

There were four values 086, corresponding to +22.5° an
+67.5°. Each Gabor was rendered on a 64 x 64-pixel grid and
tended 3.57° x 3.57°, with a center frequencyf 6 1.12 cycles/°,
and a standard deviatiow, of 0.669°. The four Gabor stimuli ar
shown in Figure 1b. The mean luminankgwas set to 13 cd/fThe
contrast of the Gabor, was determined by the experimental con
tions.

External-noise frames (64 x 64 pixels) consistédB o< 3 noise
elements with contrast levels constructed by sampling from a G
sian distribution with mean 0 and varianeg,, depending on the
manipulated level of external noise. To guarantee that the cont
level distribution was approximately Gaussian, the maximum stan
deviation of the external noise was no higher than 33% of the m
mum achievable contrast. The eight levels of external noise are i

X+ yP

20?2

I(x,y) =1g (1.0+ ¢ sin(2mf (xcod + ysing)) exp<—

frames and combined via temporal integration (Lu & Dosher, 19

Four Gabor-in-noise stimuli appeared on each trial, one at ¢
corner of a box centered around fixation; the center of each stim
was at 5.0° of eccentricity (Fig. 1a) at a viewing distance of appr
mately 62 cm. The precue was an arrow near fixation pointing at
of the four stimulus locations; it appeared 150 ms prior to the sig
frame. The report cue consisted of a “caret,” presented just slig
more peripherally than the central attention cue; it appeared sim
neously with signal presentation (see timing details, discussed lat
this section).

Apparatus

Signal and noise frames were computed on-line and displaye
a Power Macintosh 7300/200 on a Nanao Technology monitor
had a P4 phosphor and a refresh rate of 120 Hz and was driven b
internal video graphics controller and a version of the Video Tool
(Pelli & Zhang, 1991). A special circuit combined two output chg
nels to produce 6,144 distinct gray levels (12.6 bits). The minim
luminance of the monitor (all pixels at minimum gray level) was
cd/n?, the maximum luminance (all pixels at maximum gray lev
was 28 cd/rR, and the assigned background was 13 ¢d/fhe moni-
tor was calibrated to linearize the luminance range.

Design

There were eight external-noise contrast levels(= 0, .02, .04,
.08, .12, .16, .25, and .33). Nine signal contra}tidvels, selected for
each observer based on practice data to span a psychometric fun

trated in Figure 1c. Signal frames were sandwiched between ngi

H
h

e

D

W

i

Ir

htly
ulkag. 1. Sample displays and illustrations of stimuli. A sample lay
ePfran invalidly cued trial is shown in (a). The precue) cued atten-
tion to one of four stimulus locations, and the “caret) cued the
location to be reported. The precue appeared 150 ms prior to, an
report cue appeared simultaneously with, the first signal frame.
d dnyentations of the four Gabor patches were chosen randomly with
tigplacement; the four possible orientations are shown in (b). An il-
ylﬂﬁ;ration of Gabor patches embedded in the eight levels of brpad-
hdxand, random Gaussian external noise is shown in (c). High external

lnr_1oise requires higher signal contrasts of the Gabor to achieve acqurate

u|r(T1]ent|f|cat|on.

Eor stimuli appearing on each trial were chosen independently; they
Il were of the same contrast. On each trial, all noise frames were
independent samples with the same contrast (variance). Conditions
were intermixed randomly. There were 576 trials per session) of
which five eighths were validly cued and three eighths were invalidly
cued. For valid trials, the precue matched the report cue; for invalid
trials, the report cue randomly identified one of the three uncped
ctimrgtions. Observers participated in a minimum of five practice ses-
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2
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were tested for each external-noise level. The orientations of the)
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Gipns, followed by seven experimental sessions.
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Procedure Observers

Each trial began with a fixation point initiated by a key press. The Observers were 4 students naive to the purposes of the experi
central precue replaced the fixation point after 675 ms. The sequeiitey were paid for participating. All had normal or corrected-
of noise (N) and signal (S) frames (NSNSN, 16.7 ms, or two frgmermal vision.
refreshes each) occurred in each of the four locations. The stimulus
onset asynchrony between the onset of the precue and the onset|of th?iesults
first signal frame was 150 ms. The report cue replaced the centra] cue
simultaneously with the appearance of the second signal frame| TheCuing effects on psychometric functions
observer entered the identity of the Gabor in the report-cue location onSixteen 9-point psychometric functions—percentage correct in
the keyboard (“d,” “f,” “},” and “k,” respectively, for top tilted far tg entation identification versus contrast of the Gabors—were meas
the left, near to the left, near to the right, and far to the right). Auditpripr each of the 4 observers. Figure 2 shows psychometric function

feedback, a beep, was provided after a correct response. Obsertlegszero-external-noise and the highest-external-noise condit
were instructed to maintain fixation throughout the trial. The smooth curves are Weibull functions (percentage correntax

NO NOISE HIGH NOISE

1.0 '

PROPORTION CORRECT IDENTIFICATION

®

+ L L | L | | 1 L

0 02 04 06 038 0 02 04 06 08 1
CONTRAST OF SIGNAL

Fig. 2. Psychometric functions (percentage correct versus contrast of the signal Gabor) showing the attentional effect
of location cuing without external noise (left) and at the highest level (.33) of external noise (right). Results are shown
separately for each of the 4 observers. Circles are for data from validly cued trials, and plus signs are for data from
invalidly cued trials. The dashed lines reflect the accuracy associated with guessing, or 25% correct. Smooth curves are

Lu
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Weibull functions fitted by maximum likelihood methods.
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Fig. 3. Signal contrasts required to achieve a 62.5%60f 1.24) accuracy threshold as a function of external-noise

level for validly cued trials (circles) and invalidly cued
4 observers.

-05x ﬁ)n fitted by maximum likelihood methods to the psych
metric functions. In the absence of external noise, spatial atter
(cue validity) had little or no impact on discrimination accurapy>(
.10, except for observer E.S., by nested model tests on the Wei
In the presence of high external noise, cue validity had a systen
and substantial impact on discrimination accurgey (01 by nested
tests on the Weibullj.

The increasing effects of spatially cued attention in increag
noise are best shown in contrast-threshold-versus-external-noise

trials (squares). Results are shown separately for each of the

ptions. Threshold signal contrasts at three performance levels, !
ti6R.5%, and 75%, correspondingdts of 0.84, 1.24, and 1.68 (Mag
millan & Creelman, 1991), were computed from the psychome
biflipctions using the Weibull as an interpolation functfoihe same
nguattern of data held for all three threshold levels. Figure 3 shows
for the 62.5% threshold. Cuing of spatial attention reduced the si
contrast necessary to achieve threshold in high external Gau
irgimulus noise, while having modest (observer E.S.) or no impag
fuoantrast threshold in the absence of external noise, the typical ¢

1. Four additional observers performed an experiment consisting on
the zero- and highest-noise conditions, but including a neutral-cue conditi
instead of-) as well as the valid and invalid cues. The neutral cues yiel
accuracies intermediate between those for valid and invalid cues; otherwis
results were similar. This result suggests that the attentional effect in

y of 2. Standard deviations of each threshold were calculated using a rg
nghing procedure assuming that each point on a psychometric function
dedistributed binomially around the observed probability correct. Twenty-f

0%,

tric

data
gnal
5sian
t on
pndi-

sam-
was
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ettrepretically generated resamplings of each psychometric function we
highth the Weibull, and the standard deviations of the resulting 25 sets of tl

external noise reflects both costs and benefits relative to neutral perform
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tion under which spatial attention effects are measured (Bashinski & Full sets of PTM model fits were performed on data from in
Bacharach, 1980; Henderson, 1996; Posner, 1980). With high extewidual observers (see the appendix). Parameter estimates of the
noise, there was a substantial and increasing role of attention as|nféding model are in Table 1. For all 4 observers, external-ng
sured by the difference between valid and invalid cues. Valid cyiraxclusion via perceptual-template sharpening, estimateépwas
reduced threshold by an average of 24.5% at the maximum exterriak primary mechanism of attention. The attentional multipliés) (|

noise level.

These empirical results directly indicate that the mechanis
spatial attention in this paradigm is the exclusion of external ng
External-noise exclusion is mediated by the retuning of percep
filters to eliminate some portions of the Gaussian pixel noise in
stimulus. These effects were quantified and statistically evalu
within a model of the observer.

Perceptual-template model and fits

A perceptual-template model (PTM; Dosher & Lu, 1998, 199
Lu & Dosher, 1998, 1999a) provides a quantification of the magnit
of the effects due to spatially cued attention, and also documentg
perceptual-template retuning yields the pattern of data seen in F
3. Based on the fundamental principles of signal and limiting no
the discrimination sensitivity in the tasH;, depends on signal con
trast power and the equivalent contrast power of various limit
noises, including external noisB{,,) and internal additive noise\()
and internal multiplicative noiseN()). The PTM model (Fig. 4a
derives signature patterns for two distinct mechanisms of attentior
Stimulus enhancemenin which attention “turns up the gain” on
cued stimulus location, is equivalent to the reduction of internal
ditive noise by a multiplierA,, and is characterized by a threshg
difference due to attention at low but not high levels of external n
(Fig. 4b). (b)External-noise exclusignn which attention reduces th
external-noise power by multiplieA; through perceptual-templat]
filter sharpening at the cued stimulus location, is characterized
threshold differences at high but not low external noise (Fig. 4
Values of A, and A, less than 1 refer to a reduction relative to t
invalid condition, and a value of 1 indicates no difference. A summ
of the model equations appears in the appendix (see also Dosher
1999b; Lu & Dosher, 1998, 19993).

Previous treatments of the PTM model (Dosher & Lu, 19

1999b; Lu & Dosher, 1998) also considered the possibility of a thircesses. Orthogonally, manipulations of the timing of a single

mechanism, multiplicative noise reduction, in which internal no
that is proportional to the stimulus contrast is reduced in atter
locations. Multiplicative noise, along with transduction nonlineariti
models processes of nonlinear gain control. Measurement of corj
thresholds at three criterion levels (50%, 62.5%, 75%) provide

cific tests for changes in nonlinear transduction and in multiplica

noise (see Dosher & Lu, 1999b, for details). Changes in nonlinear Several factors have been shown to be relevant to the size

transduction and multiplicative noise due to attentional state Vv
ruled out in the current data, as in previous data sets using the ¢
nal-noise methods. We omit a full treatment of multiplicative-noi
reduction signatures for brevity.

3. The model form considered here and in our previous work (Lu
Dosher, 1998, 1999a) places additive internal noise after multiplicative r

provide a quantification of the size of the attention effect. The att
tdnal filter multipliers A; ranged from 0.610 to 0.817, correspondi
ige. attentional filtering of between 30% and 60% of the contrast po
tudlexternal noise. A pure case of external-noise exclusion such a
tipeedicts exactly the observed pattern of no attentional effect in

1 of the 4 observers (E.S.), the best mogek(.001) also included

A_—a reduction in internal additive noise corresponding to stimu

enhancement.

Ob;

ude

that

gure

ise, The attentional mechanisms of external-noise exclusion and st

- lus enhancement are related, respectively, to the concepts of

ingduction and facilitation in previous behavioral literature on locat
cuing in single and multielement displays (Cheal & Gregory, 19

GENERAL DISCUSSION

: (®87; Posner, 1980; Shiu & Pashler, 1994). The dominant view
A been that location cuing produces behavioral benefits by facilita
adensory processing (Bashinski & Bacharach, 1980; Cheal et al., 1
[cMangun & Hillyard, 1987; Posner, 1980). An alternative view e
ighasizes the role of attention in noise reduction (Henderson, 1
e Shiu & Pashler, 1994). A number of authors have argued that loca
E cuing may result in both facilitation and inhibition, possibly related
hgise exclusion (Cheal & Gregory, 1997; Henderson, 1991). For|
tample, Cheal and Gregory (1997) stated that “attention can bot
neilitate responses to attended objects and inhibit responses to
apbjects” (p. 69).

& LuSeveral forms of spatial cuing of attention are generally dis
guished theoretically and experimentally. For example, central
D'heripheral precuing are thought to reflect different orienting p

is€Cheal & Lyon, 1989, 1991a) are distinguished from manipulation
dede validity (Chastain & Cheal, 1997; Posner, 1980, 1988; Posn
esl., 1978) that may involve misdirection of attention. The curr
trstsidy evaluated the effects of cue validity, or of misdirection in
spEase of invalid trails, following a central cue of attention in multie
ivaent (four-location) displays.

epecurrence of location-cuing effects in both temporal precuing

xgtudies of cue validity. A number of reported location-cuing effects
saedentification or discrimination performance were critically depend
on the presence of poststimulus masks as a form of visual noise (C
& Lyon, 1989, 19914, 1991b; Shiu & Pashler, 1994). These prev
&valuations, however, compared performance for otherwise ider

and nonlinear transduction. We (Dosher & Lu, 1999b) showed that add

internal noise before the template, or after the template but prior to multip]i-
cative noise, can be rewritten in this form. If the limiting additive noise ocqurs
before the perceptual template, this predicts a strict coupling of stimulu &2
hancement and external-noise exclusion. The current data that exhibit exter.
noise exclusion without stimulus enhancement rule out substantial addititdy in large part reflect uncertainty in the report location (but

internal noise prior to the template. See Dosher and Lu (1999b) for an extend&aeal et al., 1994; Henderson, 1996, for exceptions). In our ider

discussion of alternative model forms.

VOL. 11, NO. 2, MARCH 2000

O_iﬁ?asked and unmasked displays that differed substantially in @
t'E‘Ellty. In contrast, the current study equated difficulty in conditig
ith varying amounts of external noise by considering performang
mparable threshold levels. Similarly, Shiu and Pashler (1994) d
pRstrated that attentional cuing in cue-validity paradigms with ma

W

atablsence of noise, and an increasing effect in high external noise|.

Henderson, 1991; LaBerge & Brown, 1989; Mangun & Hillyard,

Lu

Hi-
best-
ise

en-
ng
wer

5 this
the
For

lus

mu-
noise
ion
07;

has
ting
994,
m.
091;
tion
to
ex-

n fa-
other

tin-
and
ro-
cue
5 of
er et
ent
he
e_

and
and
on
ent
Cheal
ous
tical
iffi-
ns

e at
em-
sks
see
tifi-

cation paradigm, the report cue always determines which location

143

is to



PSYCHOLOGICAL SCIENCE

Noise Exclusion in Spatial Attention

a Perceptual Template Model
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Fig. 4. A perceptual-template model (PTM) and signature data patterns for two attentional mechanisms (see the appendix). The observer moc

of the PTM (a) includes a perceptual template or filter tuned to the target stimulus, a contrast gain-control mechanism (including non
and multiplicative internal noise), and additive internal noise; the input combines signal plus external noise. Processing inefficig|

inearitie
ncies ar

captured by a level of internal noise that would produce an equivalent performance loss. Two mechanisms of attention are quagtified by

for perceptual-template sharpening, afyg for reduction of additive internal noise that is equivalent to stimulus enhancement. Sti
enhancement4,) improves performance at low or zero external noise (b). External-noise excldég)amproves performance only in hig
external noise, where there is noise to be excluded (c).

be reported, thus eliminating location-based structural or decisiorent displays with many stimuli than in those with few stim
uncertainty in an ideal observer. Decision uncertainty refers to pébosher & Lu, 1999a).

formance losses due to incorporating additional information samples The experiments reported here investigated the attentional ef
in the decision in an unlimited-capacity observer (Shaw, 1984; Spei-central-cue validity in multielement displays. They provide the fi
ling & Dosher, 1986). If the observer is not ideal, or is resoufcelear parametric demonstration at the behavioral level of exte

mulus
h

fects
rst
nal-

limited, then there will be additional effects of attention on perfpmoise exclusion due to spatial attention. In perceptual-system models,
mance. These attentional effects might reflect limitations in eithexternal-noise exclusion is associated with the sharpening of percep-

perception or the transfer of information from perception to memorfyal templates to exclude irrelevant external noise. Changes i

the

and any such limitations, if they occur, are more relevant in multieleerceptual template refer to changes in filter tuning at the level ofl the

144 VOL. 11, NO. 2, MARCH 2000
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Table 1. Fits of the perceptual-template model (PTM)

Observer

Parameter A.C. C.B. E.S. L.B.
AL — — 0.423 —
A 0.704 0.817 0.708 0.610
N 0.4500 0.4957 0.5153 0.5444
N," 0.6021 0.1872 0.0769 0.0231
B 3.338 3.635 2.706 2.624
v 2.395 3.028 3.227 3.234
r2 .9202 .9474 9779 .9500
Fs 20.53** 11.09** 44.46** 47.76**
Fa 2.82 0.00 18.90** 1.97
F 11.20** 40.86** 122.76** 35.27*

Q

Note. (1, 43) is the test for significant improvement due to
external-noise-exclusion parameter< 1.0; F(1, 42) is the test for
significant improvement due to internal-additive-noise-reduction
paramete, < 1.0 added td; Fy(1, 41) is the test for significant
improvement for a nonlinearity parameter# 1.0 in a full model.
N, x 10°%. N,,, andN, scale very differently because of their
different roles in the PTM equations.

**p<.01.

whole observer. These may correspond to retuning sets of perce
channels or changing the set of channels entering into the dec
(see Dosher & Lu, 1999b).

The noise-exclusion mechanism may be related to previously
ported location-cuing effects that occur only with masked sti
(Cheal & Lyon, 1989, 1991a, 1991b; Shiu & Pashler, 1994), altho
the interpretation of the previous results was complicated by un
trolled variations in task difficulty and the results have been in
preted in terms of both noise exclusion and facilitation. Attentio
benefits of location cuing that are restricted to high-noise conditi
in an external-noise paradigm provigema facieevidence of exter-
nal-noise exclusion as an isolable attention mechanism. Similar r
also obtain for central temporal precuing (precue vs. simultan
report cue; Lu & Dosher, 1999b). The result may be related to ar
demonstration of attentional change in spatial resolution (Yeshur
Carrasco, 1998). At the cellular level, our result appears consi
with attentionally mediated changes in responsiveness in the pre
of competing stimuli in V4 and other early visual areas (Kastner,
Weered, Desimone, & Ungerleider, 1998; Maunsell & Hochst
1991; Moran & Desimone, 1985).

The spatial attention mechanism that excludes external nois
separable from the spatial attention effects observed in the abse
external noise in other visual tasks. Several previous investigatio
spatial attention using the external-noise paradigm (Dosher &
1997; Lu & Dosher, 1998; Lu, Liu, & Dosher, 2000) have been sha
to reflect stimulus enhancement, yielding attentional effects restri
to zero- or low-noise conditions (Fig. 4b). Stimulus enhancem
appears to be more likely to occur under conditions of periph
precuing than of central precuing (Lu & Dosher, 1999b).

The current data, which demonstrate a pure case of attent
effects in high external noise, together with the previous data
demonstrated attentional effects restricted to conditions of very
external noise (Dosher & Lu, 1997; Lu & Dosher, 1998), provide K
evidence for the existence of two separable and identifiable me|

ment. These two patterns are associated with separate atte
mechanisms in the attention-plus-external-noise paradigm and
PTM model (Fig. 4). The two mechanisms occur together in per
eral temporal precuing of location (Lu & Dosher, 1999b) and
perceptual learning (Dosher & Lu, 1999b).

The existence of behavioral signatures for attentional mechan
in terms of overall accuracy of performance both suggests the f
tional goal of attention and provides a taxonomy of mechanism
attention at the behavioral level. Further work is necessary to spg¢
the full range of conditions that give rise to the two attentional meg
nisms and their respective signatures.
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APPENDIX

by The perceptual-template model (PTM; Dosher & Lu, 1997; Lu & Dosh

w98, 1999a) describes the fundamental signal and noise properties
d.pbserver in terms of’, an unbiased measure of performance accuracy:
mod-

(Bo)Y
H((BO” +N2Y) + N3

d

2y
ext + N

VN

ng in
The experimenter controls the contrast of the signal stimeiared the contrast
-SiFthe external noisel,,, Internal-noise sourceN, (additive) andN,, (mul-
1y;Si_plicative) limit performance, reflecting internal processing inefficiencies. 4
ditive noise is independent of stimulus contrast; multiplicative noise depg
- on stimulus contrast. The value Bfscales signal strength; estimates non-
linearities in the early visual system. Solving for threshold contcasis a

flinction of external-noise powd\,,, and adding attentional multipliers, yield

1
[(1 +N, ]5
n ®his equation specifies the form of the contrast-threshold-to-external-r|
functions for a selected performance ledél
€ The PTM equations were fit to threshold contrasts for 50%, 62.5%,
75% correct's of 0.84, 1.24, and 1.68) for valid- and invalid-cue conditio
at each of the eight levels of external noise. Consideration of three thres
Jprovides strong constraints on estimation (Dosher & Lu, 1998, 1999b; L|

Dosher, 1999a). The squared error of log contrast threshglflegc™°%' -
dogc.)? (approximating weighted least squares and hence a maximum li

2
m.

)(ANe )™ + (AN,)*

1
C.==
1/d'? - N2,

"B

were performed including zero, any one, or both of the attentional param
m/%n(external-noise exclusion) amd, (stimulus enhancement). Modulations
A, (multiplicative noise reduction) were also considered. Standard ne

Sperling, G., & Dosher, B. (1986). Strategy and optimization in human informal
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iomodels significance tests were performed.

dSperling, G., & Weichselgartner, E. (1995). Episodic theory of the dynamics of spgtial
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orhood solution) was minimized using Matlab minimization tools. Model fits
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n
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