
Comparing decisions based on target stimuli defined by 
multiple features and those defined by single features has 
played an essential role in the development of many selec-
tive attention models (e.g., Bundesen, 2002; Cave, 1999; 
Cohen & Shoup, 2000; Duncan, 1984, 1996; Lavie, 1995; 
Treisman & Gelade, 1980; Treisman & Sato, 1990; Wolfe, 
1994). Evidence indicating differences in selection times 
and attentional capacity demands between  multiple- and 
single-feature targets has typically been based on reac-
tion time (RT) and accuracy measures. However, the ques-
tion of how differences in discriminability and response 
mappings among features within these targets affect dis-
crimination time and accuracy has been generally ignored. 
Furthermore, it is not known whether such differences af-
fect targets composed of first-order features (defined by 
differences in mean luminance) and those composed of 
both first-order and second-order features (e.g., defined 
by contrast modulation without a change in mean lumi-
nance) similarly. Investigation of these factors can provide 
insight into how different classes of stimulus features are 
combined to render a decision concerning the presence or 
absence of a visual stimulus.

Fournier and colleagues recently showed that the speed 
with which one can accurately determine the presence or 
absence of a target defined by multiple first-order features 
is dependent on the discrimination speed and response map-
ping of features on the task-relevant stimulus dimensions 

(Fournier, Bowd, & Herbert, 2000; Fournier, Eriksen, & 
Bowd, 1998; Fournier, Herbert, & Farris, 2004; Fournier, 
Scheffers, Coles, Adamson, & Abad, 2000). They had ob-
servers judge the presence or absence of one or two target 
features within an object at a fixed and known spatial loca-
tion. For example, the object was a letter that varied in hue 
(red or green) and shape (H or K) with the physical charac-
teristics of the stimuli (e.g., size), making the shape of the 
letters slower to discriminate than their hue. They found that 
responses indicating the presence of the conjunction red X 
were faster than responses indicating the presence of the 
shape X alone. Thus, identifying whether two features are 
present in a stimulus can be faster than identifying whether 
the single feature, for which discrimination is slowest, is 
pres ent. This faster response to the presence of a conjunction 
is called a conjunction benefit. In addition, they found that 
responses indicating the absence of a conjunction red X were 
faster than responses indicating the absence of the shape X 
alone, but only when all of the target features were absent in 
the former case. If one of the target features was present, re-
sponses indicating the absence of a conjunction were much 
slower, as compared with the case in which neither of the 
target features were present. These absent responses were 
particularly slow when the feature that was discriminated 
faster was the feature that was present (e.g., red). Slower 
responses indicating the absence of a conjunction when one 
of the target features is present is called a conjunction cost.
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or more features on the other task-relevant dimensions.2 
Third, for conjunction benefits to occur, each feature on 
the task-relevant dimensions must differ in discrimination 
speed to allow one feature to prime the decision corre-
sponding to the target conjunction. Discrimination speed 
of features between task-relevant dimensions is manipu-
lated by having observers discriminate differences from 
narrowly or widely separated points along a given stimu-
lus dimension; large differences between target features 
make this decision process faster. If features across task-
relevant dimensions are similar in discrimination speed, 
responses corresponding to the presence of a conjunction 
will be similar in speed to those corresponding to the pres-
ence of the single features judged in isolation.

Feature conjunction benefits and costs have been shown 
to occur for both two- and three-feature targets across 
first-order dimensions, such as nonisoluminant color, 
shape, size, and orientation (Fournier, Bowd, & Herbert, 
2000; Fournier et al., 1998; Fournier et al., 2004; Fournier, 
Scheffers, et al., 2000). They have occurred for objects 
present among distractors, as well as for objects pre-
sented alone (Fournier, Bowd, & Herbert, 2000; Fournier 
et al., 2004; Fournier, Scheffers, et al., 2000). In all of 
these cases, displays were physically identical between 
the multiple-feature and the single-feature targets. Also, 
several factors have been eliminated as playing a signifi-
cant role in feature conjunction benefits, such as differ-
ences in memory demands, attentional demands, feature 
uncertainty, or target feature expectancies (Fournier et al., 
1998; Fournier et al., 2004). Because response mapping of 
individual features plays a key role in conjunction benefits 
and costs, Fournier et al. (2004) concluded that conjunc-
tion benefits and costs must result from decision-based 
processes, as opposed to a low-level feature analysis or a 
feature integration stage of processing that precedes deci-
sion activation of the conjunction representation (see also 
the ERP evidence by Fournier, Scheffers, et al., 2000).

The phenomena of conjunction benefits and costs are 
important for several reasons. First, they indicate that mak-
ing decisions about the occurrence of a target composed of 
multiple features is not necessarily limited by the feature 
for which discrimination is slowest, in contrast to previ-
ous findings (e.g., Duncan, 1980; Hawkins, 1969; Woods, 
Alain, & Ogawa, 1998) or the implicit and sometimes ex-
plicit assumption by many feature integration theories that 
features must first be integrated by attention and only the 
integrated object representation can activate a decision (e.g., 
Cave, 1999; Lavie, 1995; Treisman & Gelade, 1980; Treis-
man & Sato, 1990; Wolfe, 1994; for an exception, see Cohen 
& Shoup, 1997). On the latter point, Fournier et al. (2004) 
showed that identifying whether a specific two-feature target 
(conjunction) is present in a cued location among distrac-
tors does not impose a greater demand on attention than do 
single-feature targets, which is inconsistent with evidence 
supporting feature integration theories that posit such a de-
mand (e.g., Lavie, 1995). Second, conjunction benefits and 
costs indicate that the time taken to discriminate an object 
can be based on the speed with which individual features on 
the task-relevant dimensions making up the object are dis-
criminated and is not necessarily based on whole-object cat-

Both conjunction benefits and costs were accounted for 
by decision priming; that is, the feature that is discrimi-
nated more quickly can partially activate (prime) a central 
decision stage corresponding to the presence or absence 
of a target conjunction (Fournier, Scheffers, et al., 2000; 
Fournier et al., 2004). For example, when the target con-
junction is red X and the stimulus presented is a red X, 
separate decision processes occur in a parallel, continu-
ous fashion, reflecting whether each stimulus feature on 
the task-relevant dimensions (hue or shape) is present or 
absent in the conjunction target. If hue is discriminated 
more quickly than shape, the accumulating activation in-
dicating the presence of the red hue can partially activate 
(prime) the decision, at a central decision stage, about the 
presence of the conjunction held in memory before the 
X shape. Shortly afterward, the accumulating activation 
indicating the presence of the X shape will also contribute 
to this decision about the presence of the conjunction and 
will be temporally integrated with the decision activation 
that has already been accumulating from the red hue. In 
turn, the early decision activation (priming) at the central 
decision stage indicating the presence of the red X con-
junction by the red hue will boost the growth rate of the 
incoming information indicating the presence of this con-
junction by the X shape because it is consistent with this 
early decision information (e.g., Flowers & Wilcox, 1982; 
Grice, Boroughs, & Canham, 1984; James, Humphrey, 
Gati, Menon, & Goodale, 2000). That is, the growth rate 
of the more slowly processed feature will increase (peak 
sooner without a change in amplitude; see, e.g., James 
et al., 2000) through feedback based on priming from the 
higher level decision stage. Thus, as the accumulating ac-
tivation of the two features is temporally integrated, the 
criterion indicating that the conjunction is present can be 
reached earlier, relative to that for the single-feature tar-
get for which discrimination is slowest and can lead to a 
conjunction benefit.1 If, however, the stimulus red O is 
presented and the feature analyzers indicate that one fea-
ture is present (e.g., red) and the other is absent (e.g., not 
shape X ), the decision about the presence of the red hue 
will incorrectly prime the decision that the red X conjunc-
tion is present. In this case, the decision activation result-
ing from the absence of the shape must override the primed 
decision that the conjunction is present (e.g., Eriksen & 
Schultz, 1979). This takes additional processing time, and 
hence, the decision threshold representing the absence of 
the conjunction is reached later, resulting in a conjunc-
tion cost. Importantly, the existence of conjunction costs 
suggests that each feature on the task-relevant dimensions 
is identified to the extent that each can  partially activate 
(prime) a decision as to whether a conjunction target is 
present or absent before the composite representation of 
the features on the task-relevant dimensions is analyzed.

Fournier et al. (2004) showed that certain conditions 
are necessary for conjunction benefits and costs to occur. 
First, each feature on the task-relevant dimension must be 
consistently mapped to a response (e.g., either present or 
absent) so that each feature can activate its corresponding 
response independently. Second, responses to individual 
features cannot be contingent on the identification of one 



ConjunCtion BeneFits anD Costs    1411

Much of the recent literature reporting investigations 
of the functional relationship between first-order and 
second-order features has suggested that these features 
are detected by separate early visual channels or mecha-
nisms and their outputs are combined at some later stage 
of processing (e.g., Schofield & Georgeson, 1999, 2003; 
Smith & Scott-Samuel, 2001). In fact, some researchers 
(Schofield & Georgeson, 1999; Smith & Scott-Samuel, 
2001) have suggested that the outputs from first-order and 
second-order detection mechanisms may be combined at 
the decision level of processing. For example, Smith and 
Scott-Samuel found that discrimination of the spatial fre-
quency or speed of movement at suprathreshold levels 
was facilitated when first-order and second-order stimuli 
were combined, provided that overall contrast was low. 
These authors suggested that perceptual accuracy can be 
improved under conditions of low visibility by combining 
signals from the two types of stimuli at a decision stage 
of processing in which outputs from these hypothetically 
independent mechanisms are either (1) combined only 
after discrimination of stimulus properties occurs within 
each system or (2) combined prior to the operation of a 
single process involving discrimination of the compos-
ite stimulus (Smith & Scott-Samuel, 2001). Investigating 
whether conjunction benefits and costs can generalize to 
first-order and second-order features can directly address 
this question. If first-order and second-order signals can 
be combined at a decision stage after the discrimination of 
stimulus properties within each system, conjunction ben-
efits and costs should occur when conjunctions are com-
posed of first-order and second-order features. However, 
if first-order and second-order signals are combined prior 
to the operation of a single process involving the discrimi-
nation of the composite stimulus, feature conjunction ben-
efits and costs should not occur when conjunctions are 
composed of first-order and second-order features.

In the present study, Gabor stimuli (e.g., Daugman, 1985; 
Marcelja, 1980)3 were used to evaluate decision priming 
between first- and second-order features and to determine 
whether feature conjunction benefits and costs will gener-
alize to conjunctions composed of first- and second-order 
features. Each Gabor stimulus had a 2-D luminance distri-
bution that was defined as the product of a carrier sinusoid 
and a 2-D Gaussian contrast envelope. In a typical Gabor 
stimulus, the sine wave is referred to as the carrier grating 
and is considered to be a first-order stimulus because it 
is defined by differences in mean luminance. The Gauss-
ian envelope is referred to as the contrast envelope, and it 
is considered to be a second-order stimulus because it is 
defined by contrast modulation without a change in mean 
luminance. In general, processing of first-order stimuli is 
assumed to be done by early quasilinear filtering, whereas 
processing of second-order stimuli is assumed to involve 
nonlinear preprocessing followed by quasilinear filtering 
(e.g., Wilson, Ferrera, & Yo, 1992).

Feature conjunction benefits and costs were examined 
in two experiments. In Experiment 1, observers made judg-
ments about the presence of two first-order target features: 
the spatial frequency and orientation of the sine wave car-
rier grating. This experiment determined whether multiple 

egorization involving features on the task-irrelevant dimen-
sions (e.g., Farell, 1984; Ratcliff, 1978). Third, conjunction 
benefits and costs demonstrate that decision priming and 
competition can occur across different stimulus dimensions 
making up the same object, not just within the same dimen-
sion across different objects (Cohen & Shoup, 2000).

One issue not resolved is whether conjunction benefits 
and costs—that is, decision priming—can occur between 
first-order and second-order features. Past research, re-
viewed above, examined conjunction benefits and costs 
for first-order features that are defined by a difference in 
luminance or hue. The present study investigated whether 
conjunction benefits and costs will generalize to second-
order features that are a distinct class of features defined, 
for example, by differences in contrast, texture, or rela-
tive motion without a change in mean luminance. There 
is strong evidence that the visual processing of first-order 
and second-order signals is fundamentally different. For 
example, Manahilov, Simpson, and Calvert (2005) found 
that the discrimination of phase of second-order patterns 
shows lower sampling efficiency and higher levels of ad-
ditive internal noise, relative to the discrimination of phase 
of first-order patterns. Also, Schofield and Georgeson 
(2003) reported that the detection of second-order stimuli 
is relatively insensitive to the frequency spectrum of the 
noise carrier, unlike the detection of first-order stimuli. In 
a study involving visual evoked potentials, Calvert, Ma-
nahilov, Simpson, and Parker (2005) found that second-
order stimuli evoke responses that have a longer latency 
than do those evoked by first-order stimuli, which were 
interpreted as being due, in part, to feedback connections 
from extrastriate areas onto primary cortex areas. In the 
motion domain, some research suggests that first- and 
second-order motion stimuli might be processed by only 
one mechanism (e.g., Benton, Johnston & McOwan, 1997; 
Johnston, McOwan, & Buxton, 1992). However, there 
is again strong evidence that visual processing of these 
stimuli is fundamentally different. For example, second-
order motion, unlike that of first-order motion, does not 
induce optokinetic nystagmus (Harris & Smith, 1992) or 
a motion aftereffect with stationary test patterns (Nishida, 
Ashida, & Sato, 1994). Also, Smith and Ledgeway (1997) 
found that the direction of second-order motion, unlike 
that of first-order motion, cannot be discriminated at de-
tection threshold. Furthermore, Lu and Sperling (1996) 
suggested that contrast gain control operates according to 
different principles for the two kinds of stimuli.

We were interested in whether a second-order fea-
ture, as well as a first-order feature, can prime decisions 
made about a conjunction composed of both first- and 
second-order features. To date, there has been no sys-
tematic investigation determining whether differences in 
discrimination time between a first-order feature and a 
second-order feature can influence perceptual identifica-
tion of a stimulus composed of these two types of fea-
tures. Also, generalizing conjunction benefits and costs to 
stimuli composed of both first- and second-order features 
has important implications concerning how these signals 
are combined at a decision level of processing, which has 
recently been questioned in the literature.
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a high-frequency, high-contrast patch below its intended value and 
thus create a first-order luminance artifact defining the shape of the 
envelope (see Schofield & Georgeson, 2003). The fact that APNL 
was absent from our displays is not surprising, because it occurs 
only when there are large differences in luminance between adjacent 
pixels in the display. For our stimuli, the range of spatial frequencies 
used was 6.7–10.7 cyc/deg, which corresponded to wavelengths of 
13.78–8.62 pixels per cycle, respectively. As a result, changes from 
the brightest to the darkest pixels occurred over a minimum of at 
least 4 pixels.

Even physically linear contrast-modulated sinusoids can produce 
visible first-order boundary artifacts, presumably due to nonlineari-
ties in visual transduction (Scott-Samuel & Georgeson, 1999). How-
ever, these artifacts appear to be visible only at temporal frequencies 
higher than 4 Hz. For example, Holliday and Anderson (1994) found 
that cross-adaptation of first- and second-order motion can occur at 
temporal frequencies of $ 4 Hz, but not at lower temporal frequen-
cies. With the exception of the brief period following the sudden 
onset of the display, our displays were static; hence, there was little 
or no power at nonzero temporal frequencies. Because second-order 
movement with stimuli containing sudden onsets and low drift rate 
(low temporal frequency) does not produce a measurable first-order 
artifact (Scott-Samuel & Georgeson, 1999), we do not believe that 
this artifact was significantly present in our stimuli.

Responses representing whether a target feature (or features) was 
present or absent were recorded by a spring-loaded hand-lever that 
was moved rightward or leftward by the right hand. A button held in 
the left hand initiated each trial.

Procedure
At the beginning of each trial, a message appeared that indicated 

the feature or features to be judged on that trial. The participant 
cleared the screen by pressing a handheld button, and then a white 
fixation cross (0.2º of visual angle) appeared in the center of the 
screen, indicating the location of the Gabor stimulus. The participant 
again pressed the button to initiate the onset of the Gabor stimulus, 
whose duration was 200 msec. The participant’s task was to deter-
mine whether the target feature or features were present or absent 
in the Gabor stimulus. One half of the participants moved the hand-
lever to the right when all target features were present and to the left 
when one or more target features were absent; the other half had the 
opposite response direction assignment. A 2-sec interval was allowed 
for a response, and RT and accuracy were displayed and recorded.

Stimuli were drawn from one of two stimulus sets, A or B, for a 
given block of trials, which alternated across blocks of trials. The 
relevant stimulus set, A or B, was displayed at the start of each 
block. The four Gabor stimuli that made up each stimulus set, as 
well as the type of target judgment to be performed (i.e., one- or 
two-feature judgment), occurred in a random order within a block 
of trials. All comparisons concerning whether conjunction benefits 
were observed were done within a given stimulus set, and not be-
tween stimulus sets.

To ensure that conjunction benefits could not be attributed to a 
target-feature frequency confound (Fournier et al., 1998; Nickerson, 
1972, 1973), each Gabor stimulus within each stimulus set appeared 
equally often in each target-feature judgment condition. Note that 
this likely created an absent response bias for the two-feature targets 
because only one of the four Gabor stimuli in each stimulus set could 
match each two-feature target, whereas two of the four Gabor stimuli 
in each stimulus set could match each single-feature target. Thus, for 
the two-feature targets, a present response was required 25% of the 
time, and an absent response was required 75% of the time.4

The participants completed 2 blocks of 48 practice trials and 10 
blocks of 48 experimental trials in a single 1.5-h session. Each block 
consisted of 32 single-feature judgments (16 judgments involving 
orientation and 16 judgments involving spatial frequency) and 16 
two-feature judgments. Specific target features and their presence or 
absence occurred in a random order within each block of trials.

first-order signals are combined at a decision stage after 
the discrimination of individual stimulus features (consis-
tent with previous research). In Experiment 2, observers 
made judgments about the presence of a pair of first-order 
and second-order target features: the spatial frequency of 
the sine wave carrier grating and the orientation of the 
contrast envelope. This experiment determined whether 
first-order and second-order signals are also combined at 
a decision stage after the discrimination of stimulus prop-
erties has begun for each system.

GeneRaL Method

Participants
Sixteen different undergraduates from Washington State University 

participated in Experiments 1 and 2. The participants had normal or 
corrected-to-normal acuity in each eye (assessed via a Snellen chart) 
and received extra credit in a psychology course for participating.

Stimuli and apparatus
Gabor stimuli were presented on a 0.39-m-diagonal Gateway CRT 

display screen and were viewed through a face mask to keep view-
ing distance (1.65 m) constant. The screen resolution was 1,024 3 
768 pixels (H 3 V), with each pixel subtending approximately 
0.66 3 0.64 min of arc. The 2-D luminance distribution of each 
Gabor stimulus was defined as the product of a carrier sinusoid and a 
2-D Gaussian contrast envelope, with average standard deviation (σ) 
equal to 0.21º. For a formal presentation of how our Gabor stimuli 
were created, see Tanaka and Sagi (2000). The spatial frequency of 
the carrier sinusoid and aspect ratio of the Gaussian envelope var-
ied across conditions. For all stimuli, mean display luminance was 
50.7 cd/m2 and peak Michelson contrast was 99.3%.

The following procedure was used to ensure that variations in 
display luminance of the Gabor stimuli were indeed linear. First, 
gross adjustments of the video card gamma correction parameter 
and monitor brightness and contrast controls were used to make the 
luminance displayed on the two CRTs as close to linear as possible. 
These adjustments were guided by luminance measurements of a 
set of eleven 8-bit grayscale patches with values of 0, 25, 50, 75, 
100, 125, 150, 175, 200, 225, and 250 units (the maximum 8-bit 
grayscale range is 0–255 units; luminance was measured with an 
International Light photometer, Model IL1400A, with SEL033 de-
tector, R diffuser, and Y photopic filter). After these adjustments, 
nonlinear regression was used to estimate the parameters (a and b) 
of the best-fit power function [L(G) 5 aGb] relating measured lu-
minance values (L) to the grayscale parameters (G) for each CRT. 
The power function regressions accounted for 99.9% of the vari-
ability in the luminance of the displays (adjusted R2s $ .999), and 
the best-fit estimates of the exponents (b) for the two displays used 
in these experiments were 2.29 and 2.42. The inverses of these power 
function exponents were then used to correct the grayscale values 
of our stimuli for each CRT. We confirmed this linearization by 
first measuring the displayed luminance of grayscale patches with 
software values of 0, 64, 128, 196, and 255 and linearly regressing 
the measured luminance on the corresponding grayscale values. For 
both CRTs, these linear regressions accounted for more than 99.9% 
of the variability in luminance measurements. Subsequently, we also 
measured the average luminance of the actual Gabor stimuli used in 
the experiments (with an aperture diameter of 2.3º of visual angle), 
as well as the background luminance of the displays, and found the 
range of mean luminance to vary less than 0.1% (0.05 cd/m2) across 
the entire set of stimuli and backgrounds used.

Given that mean luminance did not vary significantly across 
stimuli with sinusoidal luminance variations at different orienta-
tions, we conclude that adjacent-pixel nonlinearity (APNL) was not 
a problem in our displays. APNL can reduce the mean luminance of 
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each target feature across the two stimulus sets (A and B). 
The figure shows that conjunction benefits occurred only 
with Stimulus Set A; present responses were faster and 
more accurate for the two-feature target conjunction of 
spatial frequency and orientation than for the single-
 feature target of spatial frequency, for which discrimina-
tion was slowest (i.e., both present and absent response 
RTs were slower and response errors were greater for spa-
tial frequency than for orientation). However, there was 
no conjunction benefit with Stimulus Set B, in which the 
speed of discrimination for spatial frequency and orienta-
tion was similar.

A repeated measures ANOVA, involving response type 
(present or absent), stimulus set (A or B), and target fea-
ture (spatial frequency, orientation, or spatial-frequency–
orientation), was computed for mean correct RT and mean 
accuracy separately. With respect to correct RT, there was a 
significant main effect of response type [F(1,15) 5 10.72, 
p , .01] and significant two-way interactions between 
response type and target feature [F(2,30) 5 4.53, p , .05] 
and between stimulus set and target feature [F(2,30) 5 
48.05, p , .0001]. With regard to accuracy, there were 
significant main effects of stimulus set [F(1,15) 5 23.25, 
p , .001] and target feature [F(2,30) 5 11.08, p , .001], 
as well as significant two-way interactions between re-
sponse type and stimulus set [F(1,15) 5 9.12, p , .01], 
stimulus set and target feature [F(2,30) 5 32.97, p , 
.0001], and response type and target feature [F(2,30) 5 
4.53, p , .05].

The Tukey least significant difference (LSD) test 
(1 and 15 degrees of freedom; p , .05) was used to evalu-
ate whether mean RT and accuracy differed between the 
single-feature targets and whether conjunction benefits 
were observed for the two-feature targets in each stimu-
lus set. For Stimulus Set A, both present and absent re-
sponses were significantly slower and less accurate for 
spatial frequency than for orientation ( p , .05). Also, 
present responses were significantly faster and more ac-
curate for the two-feature target conjunction of spatial 
frequency and orientation than for the single-feature tar-
get of spatial frequency ( p , .05). For Stimulus Set B, 
both present and absent response RTs and accuracy were 

ExpErimEnt 1

We determined whether conjunction benefits and costs 
occur for first-order dimensions of carrier spatial fre-
quency and carrier orientation and, thus, whether first-
order features can prime decisions made about a con-
junction composed of first-order features. In doing so, 
we investigated whether multiple first-order signals are 
combined after the discrimination of individual stimulus 
features, consistent with previous research.

method
In each stimulus set, the Gabor stimuli differed across the first-

 order dimensions of spatial frequency and orientation of the carrier 
(see Figure 1), with the aspect ratio (ratio of vertical to horizontal 
extent) of the Gaussian envelope fixed at 0.97. The aspect ratio dif-
fered from 1.0 due to the fact that pixels were not perfectly square. In 
Stimulus Set A, the discrimination of spatial frequency was designed 
to be slower than the discrimination of orientation. Specifically, the 
spatial frequency of the carrier was either 6.7 or 7.7 cyc/deg, and the 
orientation of the carrier was either 9º to the left or 9º to right of verti-
cal. In Stimulus Set B, the discrimination of orientation was designed 
to be slower than the discrimination of spatial frequency. Specifically, 
the spatial frequency of the carrier was either 6.7 or 8.7 cyc/deg, and 
the orientation of the carrier was either 3º top tilted to the left or 3º top 
tilted to the right of vertical. In preliminary work, we found that fea-
tures for which discrimination was faster, in terms of shorter response 
RTs, had an equivalent or greater degree of accuracy than did features 
for which discrimination was slower (see also Fournier, Bowd, & Her-
bert 2000; Fournier et al., 1998; Fournier, Scheffers, et al., 2000).

There were four possible single-feature judgments: low spatial fre-
quency, high spatial frequency, top of carrier grating tilted to the left, 
or top of carrier grating tilted to the right. There were four possible 
two-feature judgments formed from different combinations of the 
single-feature judgments: low spatial frequency and oriented left, low 
spatial frequency and oriented right, high spatial frequency and ori-
ented left, or high spatial frequency and oriented right. Throughout the 
experiment, each participant judged the presence or absence of a sin-
gle spatial frequency, a single orientation, and one spatial-frequency– 
orientation combination. This means that the variable of target feature 
judgment (levels: spatial frequency, orientation, and spatial-frequency–
orientation combination) was run as a within-subjects factor.

results
Conjunction benefits. Figure 2 shows correct RTs and 

percentages of errors for present and absent responses for 

Figure 1. Stimulus sets used in Experiment 1, in which the Gabor stimuli varied across the first-
order dimensions of carrier spatial frequency and carrier orientation. the left panel shows Gabor 
stimuli from Stimulus Set A, and the right panel shows Gabor stimuli from Stimulus Set B.

A B
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accuracy separately for the two-feature  conjunction-absent 
judgments. The interaction between stimulus set and target 
feature was significant for RT [F(2,30) 5 63.48, p , .0001] 
and for accuracy [F(2,30) 5 14.05, p , .0001].

A Tukey’s LSD test (with 1 and 15 degrees of freedom; 
p , .05) showed the following. For Stimulus Set A, ab-
sent response RT was longest when the target feature for 
which discrimination was fastest (i.e., orientation) was 
present, intermediate when the target feature for which 
discrimination was slowest (i.e., spatial frequency) was 
present, and shortest when none of the target features were 
present ( p , .05). Also, absent responses were less ac-
curate in Stimulus Set A when the target feature for which 
discrimination was fastest (i.e., orientation) was present 
( p , .05); accuracy did not differ between the conditions 
in which the target feature for which discrimination was 
slowest (i.e., spatial frequency) was present or none of the 
target features were present ( p . .05). A similar pattern of 
results regarding absent response mean RT and accuracy 
was found for Stimulus Set B (all ps , .05).

Thus, incorrect priming that indicates the presence of 
a conjunction can lead to decision competition, which in 
turn interferes with the ability to make a fast and accurate 
absent judgment. Moreover, decision competition was 
greatest when the dimension for which discrimination was 
fastest incorrectly primed the presence of the conjunction, 
which is consistent with previous research (Fournier et al., 

not significantly different between spatial frequency and 
orientation ( p . .05). Also, present responses for the two-
feature target conjunction of spatial frequency and orien-
tation was equally fast and accurate, as compared with the 
single-feature targets of spatial frequency or orientation 
( p . .05).

Thus, significant conjunction benefits were observed 
for first-order features (Stimulus Set A only), consistent 
with previous research (Fournier et al., 2004). These re-
sults suggest that first-order features can prime decisions 
about a conjunction composed of first-order features.

Conjunction costs. For a given feature conjunction, 
there were two cases in which an absent response was 
made: when only one of the target features was present 
(i.e., one feature was consistent with a present response, 
whereas the other feature was consistent with an absent 
response; thus, decision competition) and when none of 
the target features were present (both features were con-
sistent with an absent response; thus, no decision compe-
tition). Figure 3 shows that, when comparing the absent 
responses between these two cases, RT was longer and 
responding was less accurate in the first case involving 
decision competition than in the second case involving no 
decision competition.

A repeated measures ANOVA involving stimulus set 
(A or B) and target feature present (spatial frequency, orien-
tation, or none) was computed on mean correct RT and mean 

Figure 2. experiment 1: Mean correct reaction times (Rts) and percentages of er-
rors for present and absent responses to the target features of carrier spatial frequency 
(F) and carrier orientation (o) and the conjunction of carrier spatial frequency and 
carrier orientation (F–o). the left panel corresponds to Stimulus Set a, and the right 
panel corresponds to Stimulus Set B. error bars represent one standard error of the 
mean.
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There were four possible single-feature judgments: low spatial 
frequency, high spatial frequency, envelope oriented vertically, 
and envelope oriented horizontally. There were four possible two-
 feature judgments: low spatial frequency and envelope oriented ver-
tically, low spatial frequency and envelope oriented horizontally, 
high spatial frequency and envelope oriented vertically, and high 
spatial frequency and envelope oriented horizontally. Throughout 
the experiment, each participant judged the presence or absence of 
one spatial frequency, one envelope orientation, and one spatial-
frequency–envelope-orientation combination. This means that the 
variable of target feature judgment (levels: spatial frequency, orien-
tation, and spatial-frequency–orientation combination) was run as a 
within-subjects factor.

Results
Conjunction benefits. Figure 5 shows correct RTs and 

percentages of errors for present and absent responses for 
each target feature across the two stimulus sets (A and B). 
The figure shows that conjunction benefits occurred for 
both Stimulus Sets A and B: Present responses were faster 
and more accurate for the two-feature target conjunction 
of spatial frequency and orientation than for the single-
feature target for which discrimination was slowest (i.e., 
spatial frequency in Stimulus Set A and orientation in 
Stimulus Set B).

A repeated measures ANOVA involving response type 
(present or absent), stimulus set (A or B), and target fea-
ture (spatial frequency, orientation, or spatial-frequency–
orientation) was computed for mean correct RT and mean 

1998; Fournier, Scheffers, et al., 2000). Thus, first-order 
features can prime decisions about a conjunction compris-
ing two first-order features.

exPeRiMent 2

We determined whether conjunction benefits and costs 
occur for the first-order dimension of carrier spatial fre-
quency and the second-order dimension of envelope ori-
entation and, thus, whether first- or second-order features 
can prime decisions made about a conjunction composed of 
first- and second-order features. In doing so, we investigated 
whether first- and second-order signals are combined after 
the discrimination of stimulus properties for each system.

Method
In each stimulus set, the Gabor stimuli differed across the first-

order dimension of spatial frequency of the carrier and across the 
second-order dimension of envelope orientation. Carrier orientation 
was fixed at 45º (see Figure 4). In Stimulus Set A, the discrimination 
of spatial frequency was designed to be slower than the discrimina-
tion of orientation. Specifically, the spatial frequency of the carrier 
was either 7.7 or 9.7 cyc/deg, and the orientation of the envelope was 
either vertical or horizontal, with an aspect ratio of 2.42 or 0.412, 
respectively. In Stimulus Set B, the discrimination of orientation was 
designed to be slower than the discrimination of spatial frequency. 
Specifically, the spatial frequency of the carrier was either 6.7 or 
10.7 cyc/deg, and the orientation of the envelope was either vertical 
or horizontal, with an aspect ratio of 1.16 or 0.824, respectively.5

Figure 3. experiment 1: Mean correct absent response reaction times (Rts) and 
error rates for two-feature target judgments for the cases in which the target features 
of carrier spatial frequency (F) and carrier orientation (o) were present or neither 
target feature (none) was present. the left panel corresponds to Stimulus Set a, and 
the right panel corresponds to Stimulus Set B. error bars represent one standard 
error of the mean.
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The Tukey LSD test (1 and 15 degrees of freedom; 
p , .05) was used to evaluate whether mean RT and mean 
accuracy differed between the single-feature targets and 
whether conjunction benefits were observed for the two-
feature targets in each stimulus set. For Stimulus Set A, 
both present and absent response RTs were significantly 
longer for spatial frequency than for orientation ( p , .05). 
Also, present and absent response accuracy was lower for 
spatial frequency than for orientation but was significant 

accuracy separately. With respect to correct RT, there was 
a significant main effect of response type [F(1,15) 5 
11.77, p , .01] and a significant two-way interaction be-
tween stimulus set and target feature [F(2,30) 5 46.77, 
p , .0001]. With regard to accuracy, there were signifi-
cant two-way interactions between stimulus set and re-
sponse type [F(1,15) 5 8.39, p , .05], stimulus set and 
target feature [F(2,30) 5 15.17, p , .0001], and response 
type and target feature [F(2,30) 5 12.86, p , .0001].

Figure 5. experiment 2: Mean correct reaction times (Rts) and percentages of er-
rors for present and absent responses to the target features of carrier spatial frequency 
(F) and envelope orientation (o) and the conjunction of carrier spatial frequency and 
envelope orientation (F–o). the left panel corresponds to Stimulus Set a, and the 
right panel corresponds to Stimulus Set B. error bars represent one standard error 
of the mean.
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Figure 4. Stimulus sets used in experiment 2, in which the Gabor stimuli varied across the first-
order dimension of carrier spatial frequency and the second-order dimension of envelope orienta-
tion. the left panel shows Gabor stimuli from Stimulus Set a, and the right panel shows Gabor 
stimuli from Stimulus Set B.
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response RT and mean absent response accuracy sepa-
rately for the two-feature judgments. There was a signifi-
cant interaction between stimulus set and target feature 
for absent response RT [F(2,30) 5 11.81, p , .001], as 
well as for absent response accuracy [F(2,30) 5 27.21, 
p , .0001].

A Tukey’s LSD test (1 and 15 degrees of freedom; p , 
.05) showed the following. For Stimulus Set A, absent re-
sponse RT was longest when the target feature for which 
discrimination was fastest (i.e., orientation) was present, 
intermediate when the target feature for which discrimi-
nation was slowest (i.e., spatial frequency) was present, 
and shortest when none of the target features were present 
( p , .05). Also, absent responses were less accurate in 
Stimulus Set A when the target feature for which discrimi-
nation was fastest (i.e., orientation) was present ( p , .05). 
Accuracy did not differ between the conditions in which 
the target feature that was discriminated most slowly (i.e., 
spatial frequency) was present or none of the target fea-
tures were present ( p . .05). For Stimulus Set B, absent 
responses were slowest and least accurate when the target 
feature for which discrimination was fastest (i.e., spatial 
frequency) was present, intermediate in speed and ac-
curacy when the target feature for which discrimination 
was slowest (i.e., orientation) was present, and fastest and 
most accurate when none of the target features were pres-
ent ( p , .05).

only for absent responses ( p , .05), not present responses 
( p 5 .28). Moreover, present responses were significantly 
faster and more accurate for the two-feature target of spa-
tial frequency and orientation than for the single-feature 
target of spatial frequency ( p , .05). For Stimulus Set B, 
both present and absent responses were slower and less 
accurate for orientation than for spatial frequency ( p , 
.05). Moreover, present responses were significantly 
faster and more accurate for the two-feature target of spa-
tial frequency and orientation than for the single-feature 
target of orientation ( p , .05).

Thus, conjunction benefits were found for first-order 
and second-order features, based on spatial frequency of 
the carrier and orientation of the envelope, respectively. 
These results suggest that first-order features and second-
order features can prime decisions about a conjunction 
involving both types of features.

Conjunction costs. Figure 6 shows that absent responses 
were slower and less accurate when one target feature was 
present and the other was absent (decision competition) than 
when none of the target features were present (no competi-
tion). Thus, as in Experiment 1, decision competition inter-
fered with the ability to make a fast and accurate response 
regarding the absence of a given conjunction.

A repeated measures ANOVA involving stimulus set 
(A or B) and target feature present (spatial frequency, ori-
entation, or none) was computed for mean correct absent 

Figure 6. experiment 2: Mean correct absent response reaction times (Rts) and 
error rates for two-feature target judgments for the cases in which the target features 
of carrier spatial frequency (F) or envelope orientation (o) were present or neither 
target feature (none) was present. the left panel corresponds to Stimulus Set a, and 
the right panel corresponds to Stimulus Set B. error bars represent one standard 
error of the mean.
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a set of possible stimuli that have different values on the 
unspecified dimension. In contrast to this prediction, 
equivalent present response RTs are consistently found 
between conjunction and single-feature targets defined as 
integral stimuli when the discrimination speed between 
the single-feature targets is similar (see the data obtained 
in Experiment 1, Stimulus Set B in Figure 2; see also the 
discussion in Fournier et al., 2004). Also, present response 
RTs for conjunction discriminations are not shorter, rela-
tive to the single feature for which discrimination is fast-
est (see the present data, as well as Fournier, Bowd, & 
Herbert, 2000; Fournier et al., 1998; Fournier et al., 2004; 
Fournier, Scheffers, et al., 2000).

Conjunction benefits occurred only if the target features 
that made up the conjunction significantly differed in their 
speed of discriminability, which has been reported pre-
viously (see Fournier, Bowd, & Herbert, 2000; Fournier 
et al., 1998; Fournier et al., 2004; Fournier, Scheffers, 
et al., 2000). Responses indicating the presence of a 
conjunction were faster (and more accurate) than those 
indicating the presence of the single feature for which 
discrimination was slowest. Thus, the feature for which 
discrimination was fastest primed the presence of a con-
junction before the feature for which discrimination was 
slowest affected responding, and this occurred regardless 
of whether the features were first order or second order. 
These findings demonstrate that differences in discrimi-
nation time between a first-order feature and a second-
order feature can influence perceptual identification of a 
stimulus composed of these two types of features.

Conjunction costs occurred when observers indicated 
the absence of a conjunction and one of the two target 
features that made up the conjunction was present in the 
stimulus; this has also been reported previously (Fournier 
et al., 1998; Fournier, Scheffers, et al., 2000). Moreover, 
the size of the conjunction cost—in terms of delayed re-
sponding or error rate—was greater when the feature for 
which discrimination was fastest, as opposed to the feature 
for which discrimination was slowest, was present. Thus, 
the feature for which discrimination was fastest primed a 
response indicating the presence of a conjunction before 
the feature for which discrimination was slowest could 
indicate the absence of a conjunction, and this also oc-
curred regardless of whether the features were first order 
or second order.

These findings are consistent with an asynchronous 
priming model (Fournier et al., 2004), which assumes that 
a feature for which discrimination is fastest—either first 
order or second order—can partially activate and, there-
fore, prime a decision about the occurrence of a feature 
conjunction. According to this model, each feature on a 
task-relevant dimension can independently activate its 
task-relevant decision (e.g., present or absent) in a paral-
lel, continuous fashion. Also, features that are discrimi-
nated more quickly can partially activate decisions earlier 
than can features that are discriminated more slowly. Ac-
cumulating decision activation elicited by each of the two 
features is then temporally combined at a central decision 
stage in working memory to meet a single decision cri-
terion as to whether the conjunction is present or absent 

Thus, decision competition hindered absent judgments 
when either a first-order target feature (spatial frequency 
of the carrier) or a second-order target feature (orientation 
of the envelope) was present. Moreover, decision compe-
tition was greatest when the feature for which discrimi-
nation was the fastest, either first order or second order, 
incorrectly primed the presence of a conjunction.

GeneRaL diSCuSSion

This study has shown that conjunction benefits and costs 
occur for target conjunctions composed of first-order fea-
tures and for target conjunctions composed of first-order 
and second-order features. Thus, first-order features can 
prime decisions about a conjunction composed of first-
 order features, and first-order or second-order features 
can prime decisions about a conjunction composed of 
both types of features. Second-order features were shown 
to prime decisions even though the visual processing of 
second-order and first-order stimuli may be fundamentally 
different (Calvert et al., 2005; Harris & Smith, 1992; Lu 
& Sperling, 1996; Manahilov et al., 2005; Nishida et al., 
1994; Schofield & Georgeson, 1999; Smith & Ledgeway, 
1997; Smith & Scott-Samuel, 2001; but see Benton et al., 
1997, and Johnston et al., 1992, for an opposing view). 
Furthermore, because conjunction benefits and costs were 
found for stimuli composed of both first- and second-order 
features, this indicates that the two types of signals can be 
combined at a decision stage of processing after the dis-
crimination of stimulus properties occurs for each system. 
This finding is inconsistent with the idea that outputs from 
these independent mechanisms are combined (e.g., into an 
object file) and then submitted to a unitary decision process 
involving discrimination of the composite stimulus (Farell, 
1984; Ratcliff, 1978), an implicit and, sometimes, explicit 
assumption in many feature integration and object-based 
selection models (e.g., Cave, 1999; Duncan, 1984; Duncan 
& Nimmo-Smith, 1996; Treisman & Gelade, 1980; Treis-
man & Sato, 1990; Wolfe, 1994).6

The stimuli composed of first-order features (the spatial 
frequency and orientation of the carrier in Experiment 1) 
and the stimuli composed of first- and second-order fea-
tures (the spatial frequency of the carrier and envelope 
orientation in Experiment 2) could be considered integral 
dimensions because each pair of attributes was derived 
from the definition of a Gabor stimulus. According to 
Garner (1974), integral dimensions involve co-existence, 
and these dimensions are selected together, whereas sepa-
rable dimensions entail independent existence and these 
dimensions are not necessarily selected together. Although 
the two dimensions (first order or first order and second 
order) may be selected together, there is evidence that the 
time taken to make a decision regarding the presence of 
a single-feature target was determined only by the feature 
on the task-relevant dimension, and not also by the feature 
on the task-irrelevant dimension. If the feature on the task-
irrelevant dimension had contributed to the decision, the 
single-feature discriminations should be delayed relative 
to the conjunction discriminations because, in the former 
case, the discrimination process must generalize across 
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and second-order signals are initially detected by indepen-
dent mechanisms and then the outputs either are combined 
at a decision stage of processing only after discrimination 
of stimulus properties occurs within each system or are 
combined at a decision stage prior to the operation of a 
single process involving discrimination of the composite 
stimulus. The results of the present study show that the 
two types of signals can be combined at a decision stage of 
processing after the discrimination of stimulus properties 
occurs for each system.
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an object representation. Thus, our findings do not challenge the core 
assumptions of these theories, which concern the visual search process. 
Our findings question only the theories’ assumptions that features are 
integrated by attention before a decision can be activated and that it is the 
integrated object (as opposed to the individual task-relevant features of 
the attended object) that is then submitted to a unitary decision process 
involving discrimination of the composite stimulus.
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servative for the two-feature present responses. However, past research 
has shown that conjunction benefits still occur even with this possible 
response bias (e.g., Fournier et al., 2004).

5. Asymmetry in the aspect ratios was due to the fact that pixels were not 
perfectly square. Due to its irrelevance to our hypotheses, the effect of this 
asymmetry on response time was not explicitly tested. Rather, responses 
were averaged across vertically and horizontally oriented envelopes, and 
any variability in response time due to asymmetry in aspect ratio ended up 
in the error terms of the ANOVAs. Hence, the effect of these asymmetries 
was limited to a potential reduction in the power of the analyses used.

6. The goal of these theories is to describe visual search and, hence, 
what happens before attention selects information that is used to create 




