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Abstract 

The developmental trajectories of several attention components, such as orienting, 

inhibition, and the guidance of selection by relevance (i.e., advance knowledge relevant to 

the task) were investigated in 498 participants (ages 7, 8, 9, 10, 11 and 20). The paradigm 

was based on Michael and al.'s (2006) Master Activation Map model and consisted of 

three visual search tasks presented in an intra-subject latin-square design and differing in 

terms of the probability with which a salient signal was associated with the target or a 

distractor. The results suggest that, whilst computations of salience were already proficient 

at age 7, and the use of advance knowledge was efficient throughout childhood, albeit 

without reaching adult levels, the integration of salience and relevance reached its 

asymptotic level at age 8. Whilst moving and engaging attention was proficient at age 7, 

disengaging attention started to improve at age 9, reaching its adult level at age 11. As 

regards inhibition of salient distractors, we found no developmental pattern before 

adulthood, regardless of whether advance knowledge was available about the distractor or 

not, although all participants were able to use such knowledge to reduce overall 

interference. Finally, some results suggest that the control of resources for strengthening 

inhibition becomes efficient between ages 9 and 10. The developmental trajectories were 

compared with the existing literature and discussed. 

 

Keywords: Attentional capture, visual search, salience, relevance, inhibition, Master 

Activation Map, children, development 
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Introduction 

How does attention develop towards the age point of highest efficiency? Several 

attention models have been proposed in the past, some of which, eg. the spot-light model, 

the zoom-lens model, or the feature integration theory (Posner, 1980; Eriksen & St James, 

1986; Treisman & Gelade, 1980), have become powerful tools used world-wide for 

understanding attention-related phenomena and their development. More recently, more 

biologically plausible cognitive models have been proposed (Desimone & Duncan, 1995; 

LaBerge, 1995; Michael et al., 2006), with greater account taken of interactions between 

bottom-up and top-down information flows. Constructed on the basis of the hybrid Master 

Activation Map model (MAMm; Michael et al., 2006) because of its complex structure 

encompassing interactions between bottom-up and top-down flows and its capacity to 

explain a wide range of attentional phenomena, the present series of experiments has 

multiple aims, namely to: (i) unravel how attention develops with age until reaching its 

adult level; (ii) use a complete and more complex model than past models, which takes 

account of bottom-up and top-down processing and how they interact; (iii) use simple 

experimental procedures combining modified aspects of known paradigms (e.g., cueing 

and visual search) with particular attention paid to a regular manipulation of instructions; 

(iv) extract a relatively large number of attention indices based on the same participants so 

that the final picture is as complete as possible; (v) set up a larger number of groups of 

children so that smoother developmental patterns can be studied; (vi) set up relatively 

large samples of participants so that data are not contaminated with major fluctuations in 

chronometric performance; and, finally, (vii) inspect data for clues of independence or 

unilateral interdependence of computations and processes not yet postulated by the 

MAMm. 
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Relevant Developmental Patterns of Orienting and Search 

Visual selection of a single location in space can occur with (overt) or without (covert) 

the alignment of sensory receptors, i.e., without foveation. This is known as the orienting of 

attention (Posner, 1980) and is sought to involve basic operations such as disengaging 

attention from its current spatial locus, tagging this locus as explored (i.e., inhibition of 

return or IoR; Posner & Cohen, 1984; Klein, 1988), moving it away, and engaging attention 

on a new location. Everyday situations involve more complex behaviors than single 

location orienting, such as searching, which in turn involve hundreds of disengage-move-

engage series. Orienting and searching involve many of the same processes and can be 

triggered involuntarily by visually salient signals or controlled voluntarily via ongoing goals 

and task demands. Even though involuntary and controlled components can be studied 

independently in laboratory situations, they usually combine to determine attentive 

behavior in everyday situations. In this paper, we present a selective overview of the 

findings relevant to the present study. 

Orienting to events without incentive 

As long as there is no particular incentive to orient to and search for a target (i.e. no 

particular motivation to explore one location in preference to another), the findings 

reported in the literature are rather unequivocal and consistent. Sudden peripheral 

changes and single items in an otherwise empty visual field, and items that differ from their 

otherwise homogenous neighbors in terms of their basic visual features and dimensions 

(Duncan & Humphreys, 1989) can capture attention and trigger orienting responses 

towards their location. It has been suggested that age has seemingly little influence over 

orienting to a single location (Enns & Cameron, 1987). Using a paradigm where 

participants were required to respond to a target preceded by a correct (valid) or 

misleading (invalid) peripheral cue that does not favor the development of spatial 
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incentives, Enns and Brodeur (1989) found that 6 and 8 year-olds exhibit orienting patterns 

similar to those observed in adults. Trick and Enns (1998) reported such findings in a 

visual search task where participants had to detect a target presented alone or intermixed 

with a varying number of neighboring items. When the target was alone and when it was 

salient compared to its neighbors, detection of it was as efficient at age 6 as at 22. Other 

studies reported similar results (Hommel et al., 2004; Donnelly et al., 2007). There are also 

ubiquitous findings suggesting that pre-school children (under 5) can orient attention even 

in response to central symbolic cues that are not predictive (Ristic, Friesen & Kingstone, 

2002; Tipples, 2002; Ristic & Kingstone, 2009). Overall, the available data suggest that 

moving attention overtly or covertly towards single locations, and locations exhibiting 

salience, and engaging at the location of sudden changes, are operations that are already 

functional and reach adult efficiency levels as early as 5-6 years of age. 

However, there are other elementary operations of orienting which seem to change 

with age. For instance, if attention has just been engaged at a location not containing the 

target, it has to disengage and reorient elsewhere (Posner, 1980). Significant effects in 

response to misleading sudden spatial cues have been reported in 5 and 6 year-olds 

(Akhtar & Enns, 1989; Enns & Brodeur, 1989; Brodeur & Boden, 2000), and these effects 

diminish with age. As well as being a sign that young children move attention towards 

those locations in response to cues, this also suggests that operations to disengage 

attention from its current locus are not fully functional. Steeper search slopes (i.e., time to 

process a single item; Ruskin & Kaye, 1990; Trick & Enns, 1998; Donnelly et al., 2007) in 

difficult visual search tasks where participants have no incentive to orient towards any 

particular item of the display, are concordant and contribute indirect findings that tap the 

disengage operation. Since moving and engaging are likely to be functional as early as 6 

years of age (Enns & Brodeur, 1989), the operation responsible for these developmental 
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effects is most probably disengagement (Brodeur & Boden, 2000). What is less clear, 

however, is the age at which disengagement reaches adult efficiency levels. For instance, 

Enns and Cameron (1987) reported that the age at which these levels are reached is as 

low as 7, while Enns and Brodeur (1989) and Brodeur and Boden (2000) found that, at 8, 

efficiency is not yet at its adult level, and Akhtar and Enns (1989) found a similar lack of 

efficiency up to the age of 9, with similar findings reported by Donnelly and colleagues 

(2007) for the performance of 9 to10 year-olds. There is clearly some evidence that 

disengagement develops through childhood, but no consensus exists on the age at which 

it is most efficient, as reflected through either spatial cueing paradigms or demanding 

visual search.  

Orienting to events with incentives 

The rise of incentives (i.e. motivation to explore one location in preference to another) 

can be based on the voluntary use of highly predictive symbolic central cues (Posner, 

1980) or the use of highly predictive peripheral ones. The literature is very poor as regards 

the development of purely voluntary orienting to single locations, but there is evidence of 

developmental patterns. For instance, Ristic and Kingstone (2009) demonstrated that 5 

year-olds have difficulty orienting in a purely voluntary way whilst others (Goldberg et al., 

2001; Goldman et al., 2005; Wainwright & Bryson, 2005) reported that 6 to 10 year-olds 

were as efficient as adults in orienting attention towards the cued location in response to 

highly predictive central cues. However, the findings reported as regards highly predictive 

peripheral cues are inconsistent. For instance, Enns and Brodeur (1989) found that 

children did not orient as efficiently as adults in response to 80% predictive peripheral 

cues, whilst Wainwright and Bryson (2002) found no difference between 6 year-old 

children and adults under the same conditions. Brodeur and Boden (2000) and Gupta and 

colleagues (2009) also reported no age effect for 67% and 100% predictive peripheral 
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cues, respectively. These inconsistencies may be due, however, to individual differences 

in coordinating bottom-up and top-down operations when processing predictability 

associated with peripheral signals (Iarocci et al., 2009; Ristic & Kingstone, 2009). 

Peripheral cues and salient items can acquire a particular status when they signal the 

most probable targets in that they also involve top-down, controlled processes based on 

relevance. It is suggested that integration of salience and relevance is not well developed 

in children (Ristic & Kingstone, 2009).  

Relevant Developmental Patterns of Active Inhibition 

Active inhibition is the second major process involved in attentional selection. It is 

conceptualized as a general cognitive process (the fragmentation of which is possible) 

involved in all tasks requiring active control of, and resistance to interference, filtering, and 

avoidance and blocking of inappropriate and/or perseverative responses (Wager et al., 

1995; Aron et al., 2004; 2007; Xue et al., 2009).  It thus comes into play at both perceptual 

and motor levels and is seemingly dependent on the integrity of the frontal lobes, 

especially the right inferior frontal gyrus, including the frontal operculum (Aron et al., 2003; 

2004; Michael et al., 2001b; 2006; Xue et al., 2008). Susceptibility to interference is a 

major developmental dimension (Dempster, 1993), making the assessment of inhibition 

throughout childhood critical for understanding attention. 

Despite efficient use of central cues to orient attention, 6 year-olds seem to have 

difficulty adjusting the size and density of their attentional focus (Wainwright & Bryson, 

2005), an issue closely related to active inhibitory control (LaBerge, 1983; Eriksen & St. 

James, 1986; Facoetti & Molteni, 2000; Van der Lubbe & Keuss, 2001). This difficulty 

seems to continue even beyond the age of 10 in spite of the fact that orienting has already 

reached its level of highest efficiency (Goldberg et al., 2001). Most developmental studies 
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used varying versions of the flanker interference paradigm (Eriksen & Eriksen, 1974) to 

assess the efficiency of inhibitory processes, whether in terms of the resolving of 

competition or filtering (Enns & Girgus, 1985; Enns & Cameron, 1987; Akhtar & Enns, 

1989; Enns, 1993; Ridderinkhof & Van der Moler, 1995; Goldberg et al., 2001; Davidson et 

al., 2006). Unfortunately, even though there is evidence of developmental patterns, they 

are rather inconsistent. For instance, several studies (Enns & Girgus, 1985; Akhtar & 

Enns, 1989; Enns & Cameron, 1987 Experiment 1) reported that interference from task-

irrelevant distractors reduced through childhood but had not achieved adult levels even by 

age 10 (Enns & Girgus, 1985; Goldberg et al., 2001). Other studies showed no 

interference effect in children (Enns & Akhtar, 1989) or even interference that increased 

with age (Enns & Cameron, 1987 Experiment 2). Finally, inconsistent findings were also 

reported for the behavioral and electrocortical effects of interference (Ridderinkhof & Van 

der Moler, 1995). The former revealed a developmental decrease even between 10-12 

year-olds and adults, whilst the latter were either stable up until adulthood (as indexed 

through the P3 latency) or showed a developmental trend similar to the one observed in 

behavior (as indexed through the P3 latency peak). To the extent that P3 latency and P3 

peak latency reflect, respectively, perceptual and motor processes, it was suggested that 

the locus of developmental change was the ability to resist interference at the motor level. 

Evidence from paradigms involving inhibition of unwanted responses (e.g., Stroop, go-

no go, stop-signal and response alternation) also tends to demonstrate that inhibitory 

processes continue to develop until early adolescence (Comalli, Wapner & Werner, 1962; 

Wise, Sutton & Gibbons, 1975; Levin et al., 1991; Brocki & Bohlin, 2004; Johnstone et al., 

2007; Williams et al., 1999; Bedard et al., 2002; Carver et al., 2001), even though 

inconsistent developmental patterns have been reported (Oosterlaan & Sergeant, 1996; 

Schachar & Logan, 1990; Johnstone et al., 2007). The dominant picture is that active 
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inhibition seems to reach mastery in early adolescence, around the ages of 10 to 12 even 

though some studies suggest that this might be task-dependent, with mastery being 

reached faster in some tasks than others (Davidson et al., 2006). Such a result might be 

associated to asynchronies in the maturation of distinct brain circuits involved in inhibition 

(Bunge, 2002). The precise pattern of development through childhood is thus unclear and 

precludes any specific hypotheses. 

 

Overview of the Present Study and Hypotheses 

Despite the number of developmental studies on attention that have targeted orienting 

and inhibition, it is actually quite difficult to glean an overall, fairly complete and coherent 

picture of developmental patterns, for several reasons. First, not all studies were based on 

cognitive attention models. Models offer a precise frame for interpreting data and by this 

virtue they may better guide the interpretation of data. When they did, the results were 

frequently inconsistent and sometimes contradictory. This could be attributed to 

methodological differences, sample sizes, the choice of behavioral indices, or a 

combination of all of these. Second, all previously cited studies produced a puzzled image 

of how attention develops.  Our purpose is therefore clear, namely to acquire a better 

overall picture of the development of attention processes up to the point of adult-like 

efficiency by assessing several components of attention in a very large number of 

participants by means of simple tasks constructed on the basis of a single, integrative and 

solid theoretical background, the MAMm (Michael et al., 2006; 2007). 

Let us now attempt to predict performance in a visual search task deriving from 

previous studies (Michael et al., 2001a; 2001b; 2006). We present a protocol consisting of 

3 independent visual search tasks which differ in terms of the probability of a salient signal 
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being a target or distractor. In the first task, when the salient item is present, it is the target 

in only 50% of trials, as opposed to 100% of trials in the second task, whilst in the third 

task the salient item is always a distractor.  All three tasks involve a complementary 

condition in which no salient item is present. The number of items varies randomly but 

systematically. Participants are informed about these settings, and this is intended to 

manipulate their orienting/search incentives, as well as the degree to which inhibitory 

control is involved. These tasks are taken both separately and in combination, an 

investigation which allows for the targeting of distinct performance indices.  

Orienting to events without incentives 

If, without any incentive, participants are searching for a particular target, then the 

presence of a salient item in the search display is expected to capture attention (Yantis & 

Jonides, 1984). Since salient items are seemingly processed correctly in youngsters, no 

particular developmental patterns are to be expected. It can be supposed that children 

would perform as well as adults, exhibiting therefore faster response times (RTs) than in a 

condition where no salient item is present. Search efficiency would not depend, for any 

age group, on the number of items present in the display. Analyses should thus target the 

effect of a salient target on response speed and search efficiency, and such indices would 

provide information about the salience-based orienting of attention (and, therefore, the 

computations underlying salience; Koch & Ullman, 1985; Theeuwes, 1991; Michael et al., 

2006). More specifically, the speed of search for a salient target would not depend on the 

number of items in the display, and youngsters would be expected to search as well as 

adults. 

The absence of a salient item in the visual field and the absence of any incentives 

would lead to varying random patterns of exploring the display, with visual search 
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progressing slowly on the basis of the disengage-move-engage loop until the target is 

found. The result of course would be steep search slopes in both adults and children, 

mostly because of the demanding disengagement operation. However, because this is an 

operation which develops throughout childhood, search slopes can be expected to 

diminish with age. Another interesting index is thus search efficiency in conditions where 

no salient items are present in the display, as this would yield information about the 

development of the disengagement operation as part of the orienting process. The search 

for a target would depend on the number of items present in the display and would 

become more efficient with age. Unfortunately, the literature is quite inconsistent as 

regards the age at which developmental patterns start to be visible and at which they 

reach adult levels, such that precise predictions are difficult to make. 

The combination of efficient orienting towards a salient item and less efficient orienting 

towards a non-salient target would result in a specific developmental pattern, in other 

words major benefits for youngsters and decremental benefits with age. Such a pattern 

would be attributable mostly to the less efficient search in the absence of a salient target.     

Orienting to events with incentives 

If a salient signal were assigned a high probability of being the target, then participants 

would be expected to develop incentives to orient towards its location. This could be done 

by coordinating salience-based (bottom-up) and relevance-based (top-down) computations 

(Michael et al., 2006; Fecteau & Munoz, 2006; Ristic & Kingstone, 2009). The literature is 

quite inconsistent as regards this aspect of attention, preventing us therefore from 

proposing any sound hypothesis. An informative index would be the effects of salient 

signals as a function of their probability of being the target. If children use incentives to 

orient attention towards salient signals, their RT would decrease as the salient signal’s 
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probability of being the target increased. Comparing a condition in which the salient item is 

the target in 50% of the trials with one in which it is the target in 100% of trials should 

reveal faster RTs in the latter. Even youngsters should exhibit shorter RTs if they used 

incentives. 

Active inhibition 

As mentioned before, the presence of a salient item in the display would trigger 

involuntary movements of attention towards its location. What is to be expected if this 

specific salient item proves to be a distractor? According to Posner’s spotlight theory 

(Posner, 1980), attention would disengage from the location of that item and then move 

away once inhibition of return (hereafter IoR) applied. Research in our laboratory (Michael 

et al., 2001b; 2006) showed that inhibition is also activated and maintained throughout the 

whole period during which participants are searching for the target among the remaining 

items. In situations where participants know in advance that the salient item is most 

probably a distractor, inhibitory control is activated even before the display appears and 

maintained until the target is found. Compared with a situation where no salient item is 

present (i.e., a simple subtraction between a baseline and a salient-distractor condition) it 

would reveal the cost of inhibitory control. It is expected that (a) this cost would be less in 

situations where participants benefit from advance knowledge about the nature of the 

salient item. Furthermore, (b) whatever this advance knowledge, no developmental pattern 

would be observed through childhood. That is, the cost magnitude would be similar for 

youngsters and older children. Another important index to investigate is therefore the effect 

of a salient distractor condition compared with a condition where no salient item is present, 

and this should be done as a function of the probability of the salient item being the 

distractor. RTs should be slower in situations where a salient item is a distractor compared 

to a baseline. And if the salient item is always to be a distractor, inhibition should be more 
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active, thus reducing the slowing in relation to a baseline. This would yield information 

about active inhibition during search, and the use of probabilistic signals to do so. 

General Method  

Figure 2 summarizes the protocol used in the three experiments. The stimuli were 

created on the basis of the widespread definition of salience (Koch & Ullman, 1985; 

Duncan & Humphreys, 1989), i.e., what made an item salient was the addition of a 

surrounding circle the basic dimensions of which (here, size and shape) made it unique 

compared to the other items of the display. Participants had to search for a target (a 

square opened on the left or right) presented among physically similar distractors (squares 

open along the top or bottom). The target and the distractors were present in each trial. 

Participants had to indicate the location of the target’s gap (left vs. right) as quickly and 

accurately as possible by pressing a pre-defined key on a button box. In some trials, a 

salient item – a circle – was added in the display and contained the target or a distractor. 

In the salient target condition, the circle surrounded the target; in the distractor condition, it 

surrounded a distractor; and in the baseline condition, there was no salient item. The three 

experiments were defined as a function of the probability of the presence of the salient 

item in the target and distractor conditions. In Experiment 1, the salient item was either 

relevant (target condition) or irrelevant (distractor condition) in 1/3 of the trials. In 

Experiment 2, the salient item was relevant (target condition) in 1/2 of the trials and there 

was no distractor condition. In Experiment 3, the salient item was irrelevant (distractor 

condition) in 1/2 of the trials and there was no target condition. 

FIGURE 2 ABOUT HERE 
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Participants 

A total of 498 participants took part in the present study. They were divided into 6 age 

groups: 7 years (N = 74, 38 males, M = 6 years 10 months, SD = 3 months), 8 years 

(N = 100, 60 males, M = 7 years 8 months, SD = 3 months), 9 years (N = 93, 51 males, 

M = 8 years 8 months, SD=3 months), 10 years (N = 80, 52 males, M = 9 years 8 months, 

SD = 3 months), 11 years (N = 77, 41 males, M = 11 years, SD = 6 months), and 20 years 

(N = 74, 56 males, M = 20 years 3 months, SD = 22 months). Children were from five 

different classes of four elementary schools in Gap, a town in southern France. All 

participants were native French-speakers and had normal or corrected-to-normal vision. 

Intra-subject latin-square design 

Because several conclusions about the functioning of attention processes can be 

drawn from comparing the three proposed Experiments, it was necessary to avoid order 

effects. Consequently, each Experiment was divided into three equivalent blocks (a, b and 

c), and the 9 resulting blocks were presented in a complete latin-square order (i.e., Exp1a-

2a-3a-2b-3b-1b-3c-1c-2c) to each subject. Instructions and the tested condition were 

manipulated between the blocks (see Figure 2). This intra-subject procedure also 

controlled for learning, motivation and fatigue across the three Experiments, rendering 

their interpretation more plausible and their direct comparison possible. At the beginning of 

each new block, instructions were presented by the computer visually and verbally, and 

the experimenter made sure that the participant understood what he/she was required to 

do during the task. Each subject completed a 10-trial training session containing samples 

of all tested conditions, followed by the experimental session. The whole session lasted 

approximately 25 minutes. 
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Stimuli and Apparatus 

The stimuli were white outlined squares (37.37 cd/m2) presented on a black 

background (0.034 cd/m2). At a viewing distance of 30 cm, the angular size of each square 

was 0.5°x0.5°. Each square had a gap and was rotated 0°, 90°, 180° or 270° clockwise. 

When the use of a salient item was necessary, the concerned item was placed inside an 

outlined white circle (37.37 cd/m2) with a radius of 1°. The target’s orientation was 90° or 

270°, whilst that of non-targets was 0° or 180°. The stimuli appeared on the monitor of a 

DELL Precision M2300 computer equipped with a 2.40GHz processor and NVIDIA Quadro 

FX 360M graphics card. 

General Procedure 

The stimuli were randomly distributed inside an imaginary 7.8° x 7.8° square, and the 

search display remained visible until a response was given. The whole session started 

with 10 training trials showing all possible conditions. A trial started with the appearance of 

a central fixation dot displayed for 1000 ms. Then, the search display was presented. 

Three conditions were manipulated throughout the study, each occurring with equal 

probability: (a) in the baseline condition, the target differed from its neighbors only in its 

gap orientation; (b) in the salient target condition, the target was placed in the center of the 

salient item (circle); (c) in the salient distractor condition, one of the irrelevant items was 

placed in the center of the salient item. The display size was either 6 or 10 items, target 

included. The tested condition and display size varied randomly from trial to trial, the only 

constraint being the same number of trials presented within a single block for each 

condition and each display size. Participants were asked to indicate the location of the 

target’s gap (right or left) by pressing one of two pre-defined response buttons as quickly 

as possible. The next trial started 500 ms after a response had been given. RTs and errors 

were recorded by the computer. Ninety trials were presented (15 trials per condition per 
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display size) in three identical blocks of 30 trials each. All three conditions were included in 

Experiment 1 (a total of 90 trials), only the baseline and the salient target conditions were 

included in Experiment 2 (a total of 60 trials), and only the baseline and the salient 

distractor conditions were included in Experiment 3 (a total of 60 trials; Figure 2). 

Participants were fully informed about these settings. 

 

TABLE 1 ABOUT HERE 

 

Experiment 1: Salient Item 50% Task Relevant 

Experiment 1 investigated visual search processes and orienting towards salient items 

in the absence of any particular incentive. Salient items were targets on 1/3 of trials, 

distractors on 1/3 of trials and absent on 1/3 of trials. 

 

Results 

The number of errors (Table 2) and medians of correct RT (Table 1) underwent an 

analysis of variance (ANOVA) with the tested condition (baseline, salient target, salient 

distractor) and display size (6 items vs. 10 items) as within-participants factor, and age as 

the between-groups factor. The Newman-Keuls test was used to conduct post-hoc 

comparisons, and targeted differences were analyzed with bicaudal t-tests. RT analyses 

were carried out on medians rather than means because of the intra-subject and between-

participants variability in RT classically observed in tasks of visual search 
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Errors: The overall number of errors was very small. There was a significant main 

effect of condition (F (2, 984) = 37.5, p < .001) with less errors in the salient target 

condition (.71) than the baseline (.82; p < .017) and the salient distractor condition (1.09; p 

< .001). The baseline and the salient distractor condition also differed (p < .001). The main 

effect of age also proved significant (F (5, 492) = 8.27, p < .001), with the number of errors 

decreasing with age (7 years: 1.33; 8 years: .93; 9 years: 1.24; 10 years: .83; 11 years: 

.76; adults: .14) but diminishing significantly only in adults (compared to children all ps < 

.002). No other effects were observed.  

 

RT: All main effects and all interactions reached significance (all ps < .002). We focus 

here on the most important results. In the main effect of condition (F (2, 984) = 1247.9, 

p < .001), compared to the baseline (1584 ms), RTs were faster in the salient target 

condition (1099 ms; p < .001) and slower in the salient distractor condition (1891 ms; 

p < .001). Furthermore, the salient target and salient distractor conditions differed from 

each other (p < .001).  Analysis of the Condition x Display Size interaction 

(F (2, 984)=120.2; p < .001) revealed a pattern similar to that described in the literature 

(e.g., Yantis & Jonides, 1984; Michael et al., 2006), with no effect of display size in the 

salient target condition (6 items: 1090ms; 10 items: 1108ms; slope: 5ms/item; p > .25), and 

an impressive display size effect in both the baseline (6 items: 1406 ms; 10 items: 1762 

ms; slope: 89 ms/item; p < .001) and salient distractor conditions (6 items: 1740 ms; 10 

items: 2042 ms; slope: 76 ms/item; p < .001). These first results suggest that salient items 

captured attention. When these items were targets, they accelerated performance and 

decreased search behavior. When they were distractors, they slowed performance 

considerably. All age groups exhibited these effects of attentional capture albeit at different 
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degrees (Figure 3A), as suggested by the Age x Condition interaction (F (10, 984) = 15.1, 

p < .001). Post-hoc Newman-Keuls tests between successive age groups revealed that the 

effects of a salient target (i.e., baseline minus salient target RT) were greatest for 7 year-

olds (effect: 728 ms), decreased linearly (8 years: 628 ms; p< .06; 9 years: 501 ms; p< 

.02) up to age 10 (407 ms; p> .19) where there was a temporary asymptote (11 years: 415 

ms; p> .83), and then decreased again in adulthood (231 ms; p< .002). Benefits from a 

salient target thus decreased with age, although this is most probably due to youngsters 

having more difficulty finding the target in the baseline condition (Figure 3B). The effect of 

a salient distractor compared to the baseline was unchanged for children irrespective of 

age, but reduced after the age of 11 (11 years vs. 20 years t (149) = 3.1, p < .002; Figure 

3B).  

 

FIGURE 3 ABOUT HERE 

The significance of the Age x Condition x Display Size interaction (F (10, 984)= 2.86; 

p < .002) suggested differences in search slopes in the three conditions were due to age, 

insofar as the slopes decreased with age in the baseline (F (5, 492) = 3.87, p < .002) and 

the salient distractor condition (F (5, 492) = 4.16, p < .001), but not in the salient target 

condition (F (5, 492) = 1.34, p > .24).  

The results of Experiment 1 highlighted a number of interesting points. From a 

developmental perspective, differences in the amplitude of effects were observed, namely 

decreasing effects of salient targets compared to baseline, and stable effects of salient 

distractors from ages 7 to 11, with a reliable decrement thereafter. Baseline search slopes 

were found to decrease with age, in contrast to salient target slopes, which remained 

unchanged. The large reduction with age in the benefits of a salient target is attributable 
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not to fast orienting towards salient targets, which would mean youngsters orient faster, 

but to a less developed ability to orient attention towards locations not exhibiting salience. 

If large benefits signified faster orienting, greater costs should also be found for youngsters 

in the presence of a salient distractor, but this was not the case. Alternatively, different 

incentives to solve the salient target condition could have been used with increasing age. 

Given the large number of items in a display, young children could not have tried to avoid 

capture by the salient item, as adults could have done. In such a case, being captured by 

a salient item that contains the target would actually enhance performance, leading to 

better performance than adults. Yet, if this were the case, then the same would happen 

when salient distractors were concerned and the effects of a salient distractor would 

therefore follow a similar developmental trajectory. Instead, we found developmental 

stability up to age 11. This alternative cannot thus be maintained. Overall, we can 

conclude that (a) moving and engaging attention at the location of a salient target is as 

efficient at 7 as it is at 20; (b) demanding search becomes more efficient with age, which 

can primarily be attributed to the development of disengagement of attention from its 

current locus (see below for a more detailed discussion of this point after some between-

experiments analyses); (c) at least one aspect of active inhibition, namely inhibition of a 

salient item, the relevance of which is unknown and which has just attracted attention, 

develops quite late. 

 

TABLE 2 ABOUT HERE 

Experiment 2: Salient Item 100% Task Relevant 

Experiment 2 was designed to investigate visual search processes and orienting 

towards salient items in the presence of incentives. This time, the salient item was always 
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the target (i.e., no salient distractor was present) and participants were informed about this 

setting. The fact that this item is always task-relevant helps develop incentives to orient 

attention voluntarily towards salient signals and, thus, use combined salience-relevance 

information to speed up processing (Michael et al., 2006). The information provided by this 

Experiment about the use of incentives is only useful when compared with Experiment 1 

(see below), but a separate analysis is required before comparing the two Experiments. 

 

Results 

The number of errors (Table 2) and medians of correct RT (Table 1) underwent an 

analysis of variance (ANOVA) with the tested condition (baseline, salient target) and 

display size (6 items vs. 10 items) as within-participants factor, and age as the between-

groups factor. The Newman-Keuls test was used to conduct post-hoc comparisons, and 

targeted differences were analyzed with bicaudal t-tests. 

 

Errors: The main effect of condition reached significance (F (1, 492) = 16.5, p < .001) 

with less errors in the salient target condition (.66) than the baseline (.81). The main effect 

of age was significant (F (5, 492) = 5.71, p < .001), with the number of errors decreasing 

with age (7 years: .99; 8 years: .80; 9 years: 1.0; 10 years: .75; 11 years: .70; adults: .16) 

but diminishing significantly only in adults (compared to children all ps < .002). No other 

effects were observed.  

 

RT: The main effect of condition proved significant (F (1, 492) = 170.5, p < .001) with 

faster RTs in the salient target condition (969 ms) than the baseline (1468 ms). The 

Condition x Display Size interaction was also significant (F (1, 492) = 95.05, p < .001) 
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revealing the expected pattern, ie. a major display size effect in the baseline (6 items: 

1364 ms; 10 items: 1571 ms; slope: 52 ms/item; p < .001) and a very shallow display size 

effect in the salient target condition baseline (6 items: 954 ms; 10 items: 984 ms; slope: 8 

ms/item; p < .019).  Even though this effect was significant, the shallow search slope  

suggests the visual search was very efficient and effortless. Finally, the Age x Condition 

interaction also reached significance (F (5, 492) = 27.9, p < .001).  All age groups 

exhibited faster RTs in the salient target condition than in the baseline conditions (see 

Figure 4), with these effects decreasing with age (see Figure 5B). The Age x Condition x 

Display Size interaction did not reach significance (F < 1).  By contrast to Experiment 1, 

search slopes exhibited no developmental effect, not even in the baseline condition. 

FIGURE 4 ABOUT HERE 

Experiment 3: Salient Item 100% Task Irrelevant 

Experiment 3 was designed to investigate active inhibition of salient items. This time, 

the salient item was always a distractor (i.e., no salient target was present) and 

participants were informed about this setting. The fact that this item is always task-

irrelevant helps avoid voluntary orientation towards salient signals (Michael et al., 2001; 

2006), and thus the development of incentives to inhibit. The information provided by this 

Experiment about the use of incentives is only useful in comparison to Experiment 1 (see 

below), but a separate analysis is required before comparing the two Experiments. 

Results 

The number of errors (Table 2) and medians of correct RT (Table 1) underwent an 

analysis of variance (ANOVA) with the tested condition (baseline, salient distractor) and 

display size (6 items vs. 10 items) as within-participants factor, and age as the between-
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groups factor. The Newman-Keuls test was used to conduct post-hoc comparisons, and 

targeted differences were analyzed with bicaudal t-tests. 

 

Errors: The main effect of condition reached significance (F (1, 492) = 66.9, p < .001) 

with less errors in the baseline (.74) than the salient distractor condition (1.04). The main 

effect of age was significant (F (5, 492) = 6.85, p < .001), with the number of errors 

decreasing with age (7 years: 1.34; 8 years: 1.03; 9 years: 1.16; 10 years: .85; 11 years: 

.80; adults: .16) but the decrease was significant only in adults (compared to children all ps 

< .003). No other effects were observed.  

  

RT: The main effect of condition was revealed to be significant (F (1, 492) = 518.3, 

p < .001), with RTs slower in the salient distractor condition (1785 ms) than the baseline 

(1570 ms).  All age groups exhibited this difference (see Figure 5A) but to differing 

degrees as testified by the Age x Condition which reached marginal significance (F (5, 

492) = 2.15, p < .059). Closer inspection showed that the effect of the salient distractor 

remained unchanged throughout childhood, decreasing only thereafter (see Figure 5B; 11 

years vs. 20 years t (149) = 2.97; p < .003). The Age x Condition x Display size interaction 

failed to reach significance (F (5, 492) = 0.82, p > .53). 

FIGURE 5 ABOUT HERE 

Between-Experiment Comparisons 

The advantage of using an intra-subject latin-square design is the possibility of 

carrying out additional between-task analyses. 
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Preparatory and Setting Effects on Baselines and Their Search Slopes 

LaBerge and colleagues (2000) used the terms preparatory attention and brief 

attention to distinguish attention generated prior to the target display from attention 

generated at the time of the target display.  Both aspects are selective, but the duration of 

preparatory aspects is longer than that of attention evoked at the time of display and 

involves expectations that a particular item will occur. From this point of view, participants’ 

performance in each condition of each of the three Experiments reveals how brief attention 

operates, whilst between-Experiment comparisons may reveal preparatory aspects of 

attention as a result of instructions. Within this scope, the most interesting comparison for 

assessing preparatory attention is a comparison of baselines. In all three Experiments, 

baseline conditions were strictly identical and there was nothing to differentiate them apart 

from instructions concerning other conditions (e.g., salient target and salient distractor). If, 

as LaBerge and colleagues (2000) suggested, expectations about particular items are 

adjusted according to the instructions given and somehow kept stable during the blocks of 

trials, then preparatory effects should be found.  More specifically, in comparison to 

Experiment 1, where participants had no particular expectations about the salient item, 

RTs in the baseline condition should be faster in Experiment 2, where participants 

expected salience always signaled the target, and slower in Experiment 3 where they 

expected salience always signaled a distractor. 

An analysis of variance (ANOVA) was carried out on baseline correct median RTs, 

with the experimental context (Exp1, Exp2, Exp3) and display size (6 items vs. 10 items) 

as within-participants factors, and age group as between-groups factor. The main effect of 

context reached significance (F (2, 984) = 43.9, p < .001) due to faster RTs in Experiment 

2 (1468 ms) compared to both Experiments 1 (1584 ms, p < .001) and 3 (1570 ms, 

p < .001), the difference between Experiments 1 and 3 being non significant (p > .29). The 
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Age x Context interaction was marginally significant (F (10, 984) = 1.81, p < .055; Figure 

6A) and was investigated further by comparing Experiments 2 and 3 with Experiment 1 

with the help of paired bicaudal t-tests (Figure 6B). 

FIGURE 6 ABOUT HERE 

The analysis of this interaction revealed that all groups exhibited faster RTs in 

Experiment 2 than in Experiment 1 (all ps < .002).  Although only adults differed from the 

other groups in that their preparatory effects were smaller, Figure 6B shows an overall 

tendency for this effect to decrease with age, principally after the age of 9. On the other 

hand, the comparison between Experiments 1 and 3 revealed a slowing of RTs in 

Experiment 3 that decreased with age and became facilitatory at age 9, remaining stable 

thereafter. This facilitation was not significant for children (all ps > .11) but was significant 

in adults (p < .012). Finally, the Age x Display Size interaction was significant (F (5, 492) = 

7.94, p < .001; Figure 6C), with the decrement of search slopes starting at the age of 9 

and reaching an asymptotic level at 11. The Context x Display Size interaction was 

significant (F (2, 984) = 17.07, p < .001), due to shallower search slopes in Experiment 2 

(52 ms/item) than in both Experiments 1 (89 ms/item; t (497) = 6.33, p < .001) and 3 (75 

ms/item; t (497) = 5.79, p < .001). The slope between Experiments 1 and 3 (t (497) = 7.17, 

p < .001) also differed. In Experiment 3 participants knew in advance that the salient item 

was never a target. Even if this item captured their attention, they could have avoided 

exploring it in detail so that there was one less item to explore. Although context effects 

were found mainly in Experiment 2, a highly significant positive correlation was found 

between facilitatory (Exp1 minus Exp2) and inhibitory effects (Exp3 minus Exp1), revealing 

that these functions are interrelated (r (496) = .45, p < .001). 
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Salient Item 50% vs. 100% Task-Relevant (Exp1 vs. Exp2) 

An ANOVA was conducted on correct median RTs obtained in the salient target 

condition, with the probability of the salient item being the target (50% vs. 100%) and 

display size (6 vs. 10 items) as within-participants factors, and age group as the between-

groups factor. The main effect of probability was significant (F (1, 492) = 262, p < .001), 

with RTs faster when the salient item was always the target (969 ms) than when it was in 

only half the trials (1099 ms). Only the Age x Probability interaction was significant 

(F (5, 492) = 4.22, p < .001; Figure 7A), revealing that the use of probabilistic information 

associated with the relevance of a salient item was not the same across all ages. Post-hoc 

analyses showed that 7 year-olds benefited most from the use of such information (Figure 

7B) since they differed from 8 year olds (p < 0.042), 9 year-olds (p < 0.012), 10 year-olds 

(p < 0.007), 11 year-olds (p < 0.00013) and adults (p < 0.02), but no significant change 

was found thereafter in spite of the smooth decrement (all differences between the other 

groups ps > 0.25). 

FIGURE 7 ABOUT HERE 

 

Salient Item 50% vs. 100% Task-Irrelevant (Exp1 vs. Exp3) 

Previous research on patients suffering circumscribed lesions of the ventral areas of 

the frontal cortex (Michael et al., 2001b; 2006) suggested that the processes involved in 

processing salient task-irrelevant signals are the same, be they sometimes or always task-

irrelevant. So what distinguishes these two situations is merely the use of probabilistic 

information about how frequently these signals occur. Comparing such conditions is 

therefore a way of assessing how such probabilistic information is used as a prerequisite 

for developing incentives to avoid salient signals by activating the inhibitory process.  
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Experiments 1 and 3 both provided a fairly clear and harmonious picture of the efficient 

activation of inhibition: the changes it undergoes take place not in childhood but at some 

point after the age of 11.  However, is it the case that the development of incentives to 

activate inhibition follows the same pattern?  To find out, we undertook a direct 

comparison of the salient distractor conditions of Experiment 1 and 3, insofar as the only 

difference between them was the contextual probability of the salient item being a 

distractor: 50% in Experiment 1 and 100% in Experiment 3. 

An ANOVA was thus carried out on correct median RTs obtained in the salient 

distractor condition, with the probability of the salient item being a distractor (50% vs. 

100%) and display size (6 vs. 10 items) as within-participants factors, and age group as 

the between-groups factor. The three-way Age x Probability x Display Size interaction 

reached significance (F (5, 492) = 2.74, p < .019; Figure 8), suggesting that the 

developmental pattern for the use of probabilistic information varied as a function of the 

number of items on the screen.  All groups used probabilistic information equally well to 

reduce distraction when 6 items were displayed since the effect of probability (50% minus 

100%) was rather stable across ages (F(5, 492) = 1.73; p > .012; 7 years: 112 ms; 8 

years: 103 ms; 9 years: 196 ms; 10 years: 50 ms; 11 years: 128 ms; adults: 148 ms; 

Figure 8A), but 7 and 8 year-olds were unable to benefit from the available advance 

knowledge when 10 items were displayed (F(5, 492) = 2.78; p < .018; 7 years: 5 ms; 8 

years: -28 ms; 9 years: 86 ms; 10 years: 155 ms; 11 years: 179 ms; adults: 131 ms; Figure 

8B). 

FIGURE 8 ABOUT HERE 

Increased probability that an item is not the target might strengthen inhibition (Michael 

et al., 2001; 2006). Even though the separate analyses of the distractor effects in 
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Experiments 1 and 3 showed that the process of active inhibition per se undergoes no 

changes before the age of 11, the combined analysis suggests that the use of probabilistic 

signals which may modulate the intensity of inhibition occurs at the age of 7 or 9, 

depending apparently on the quantity of visual information that needs processing.  The 

assumption is that top-down control of inhibition depends on resources (Watson & 

Humphreys, 1997; Michael et al., 2006). When the display size is quite small, 7 and 8 

year-olds reduce distraction, probably because sufficient resources are available for doing 

so.  As the display size grows, however, more resources are needed for the demanding 

search, and the remaining resources are seemingly not sufficient to activate inhibition in 

such a way as to decrease efficiently the propensity for salient task-irrelevant signals to 

compete for selection.  Based on what has been presented up until now, it can thus be 

concluded that (a) inhibition becomes efficient only after the age of 11, (b) incentives to 

inhibit salient signals based on probabilistic information and context occur as early as 7, 

provided that (c) enough cognitive resources are available for that to happen. 
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General Discussion 

The present study investigated several aspects of the development of attention 

processes throughout childhood. We achieved our aim by constructing simple 

experimental procedures that adapted and combined aspects of known paradigms and 

paid particular attention to the manipulation of instructions, and also by extracting a 

relatively large number of intra-individual attention indices so that the picture we obtained 

was as complete as possible. Lastly, to the best of our knowledge, our sample sizes are 

among the largest ever to have been included in a developmental study. With the goal of 

establishing smoother developmental patterns, we also opted for quite a large number of 

participant groups. 

The paradigm involved visual search for a target. The manipulations we were 

interested in were the number of neighboring items, but most of all the presence or not of a 

different item in the display rendering one of the items salient. The probability of the salient 

item being the target or a distractor varied. 

In this general discussion, the main results are described and compared with the 

existing literature. They are then briefly interpreted within the context of the MAMm. An 

attempt is made at the end to integrate these results within the MAMm.  

Orienting to events without incentives 

Available data suggest that the elementary attentional operations of moving and 

engaging, depending on subcortical brain structures such as the superior colliculus and 

pulvinar, respectively, (Posner & Petersen, 1990), develop early and reach the levels of 

efficiency observed in adults as early as 5-6 years of age (Enns & Brodeur, 1989; Trick & 

Enns, 1998; Donnelly et al., 2007). These operations were investigated in Experiment 1, 

where participants had to find a target from among a varying number of neighbors. In 
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some trials, an item was rendered salient and was only the target half of the time. In these 

conditions, there are only minimal incentives to orient towards the salient item (Yantis & 

Jonides, 1984). We observed that search slopes for the target, when it was salient, were 

flattened in all age groups, suggesting that participants searched for the target efficiently. 

Indeed, RTs did not depend on the number of neighboring items, which suggests 

participants moved and engaged attention towards the target first. Furthermore, search 

slopes did not differ across the age groups, implying that moving attention and engaging it 

at the location of a salient target is as efficient at 7 as at 20. This finding is in keeping with 

what was reported by Trick & Enns (1998), namely that the efficiency of moving attention 

does not alter with age. So it can be assumed that, since salience-based orienting of 

attention is as efficient in children as in adults, the underlying computations (Koch & 

Ullman, 1985; Theeuwes, 1991; Michael et al., 2006; Michael & Gálvez-García, 2011), 

develop early and function similarly as we get older.  

The invariable and flattened search slopes observed in the salient target condition of 

Experiment 1 contrasted with those obtained in the baseline condition, where no salient 

item was presented. A further clear and smooth developmental pattern was observed 

when the baselines of all three experiments were combined. Search slopes were quite 

steep and depended on the number of items in the display, revealing effortful search for 

the target. Slopes also decreased with age, which suggests that orienting from one item to 

another does not appear to be fully efficient in youngsters (Trick & Enns, 1998), despite 

evidence showing that some orienting components develop quite early. Searching involves 

a series of disengage-move-engage operations until the target is found. And since, as 

suggested above, moving and engaging are likely to be functional in children as young as 

6 (Enns & Brodeur, 1989), this can be attributed principally to the development of attention 

disengagement from its current locus (Brodeur & Boden, 2000). The combined search 
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slopes of baselines in this study showed a slightly different pattern to those reported in the 

literature. In fact, no difference was observed up until age 8, followed by a smooth but 

continuous developmental increment in search efficiency up to age 11, and then no 

difference between the ages of 11 and 20. This pattern is close to the one reported by 

Donnelly et al. (2007), i.e., an asymptotic level reached at age 9-10. 

At this point we can propose that several operations are already functional at the age 

of 7: (a) detection and localization of signals in space, (b) the computations underlying the 

generation of salience (i.e., feature extraction and processing, comparison of each item to 

its neighbors for each feature, summation of the differences to derive a master salience 

activity), (c) moving of attention to the locus exhibiting salience and engaging it there. 

Conversely, the presence of a smooth developmental effect in trials where the target was 

difficult to distinguish from its neighbors strongly suggests that (d) disengaging attention 

from its current locus does not start to develop before age 9 and reaches its high level of 

efficiency at 11. It is quite clear that the orienting process does not develop as a single 

entity.  Its component parts (moving, engaging and disengaging) start developing at 

different ages, and some of them take longer to develop than others. 

Orienting to Events with Incentives 

 

The baseline conditions of Experiments 1, 2 and 3 were compared to investigate the 

use of incentives. These conditions were strictly identical, the only difference being the 

instruction given to participants prior to each block about the probability that the salient 

item could be the target. The first observation was a reliable overall acceleration of RTs in 

Experiment 2 compared to the other two Experiments, as well as shallower search slopes. 

In Experiment 2, participants were told that the salient item was always the target, an 
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instruction which influenced chronometric performance even in trials where no such salient 

item was present. It appears that expectations about particular items are adjusted 

according to instructions and somehow remain stable during the blocks of trials (LaBerge 

et al., 2000). Their effects appear to be broad enough to influence all conditions, not only 

those specifically concerned. Thus, incentives accelerate processing speed and search 

efficiency.  

The second group of observations was that all age groups exhibited this effect, that 

youngsters exhibited the strongest effect, and that the effect showed a very shallow 

decline with age (Figure 6B). The fact that the conditions were identical and no salient item 

was present precludes any interpretation of this result as reflecting more difficulty in 

searching for the target in youngsters. Instead, it is as if youngsters made more use of the 

instructions and improved their performance accordingly. This pattern is somewhat 

reminiscent of Akhtar and Enns (1989) who asserted that youngsters use all their 

resources to attend to the location of the most probable target without taking into account 

the possibility that the target could appear at other locations. However, such an assertion 

cannot fully explain our data since, in the baseline condition; the target’s location could not 

have been known in advance. It may be possible, however, that all resources are used 

when participants know that, wherever it appears, a salient signal will always be the target, 

and thus there is no risk of making a mistake. The fact that preparing to process such a 

signal renders all resources available could account for both the general increment in RTs 

and some of the data from other paradigms (LaBerge et al., 2000), but the developmental 

pattern observed cannot be reconciled with this interpretation. The aforementioned results 

suggest that some components of orienting undergo little change with age, whilst others 

gain in efficiency. Here, however, it is clear that the effect of incentives is in stark contrast 

since it decreases with age. The suggestion is therefore that what is influenced and 
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modulated by incentives (developed upon experimental context and instructions) is not the 

process of orienting per se, but probably the greater availability of resources. Youngsters 

might have difficulty managing resources and use them all in order to process the target 

(Akhtar & Enns, 1989). Adults, on the other hand, may not use all the resources available 

to them to achieve that aim. Instead, they may just use those needed to allow them to 

progress quickly in their search without exhausting the whole stock. This differential use of 

resources may explain the decrement of task instruction effects with age. 

Orienting could be affected in cases where specific information about the target is 

available. Orienting to events with incentives and its development were investigated by 

comparing the salient target condition between Experiments 1 and 2. The salient item was 

the target in 50% of the trials in Experiment 1, but in 100% of trials in Experiment 2. Faster 

orienting towards the salient item was observed when the probability to contain the target 

was 100%. This suggests of course that all age groups make good use of probabilities to 

integrate salience and relevance. An alternative interpretation would be that, instead of 

using probabilistic knowledge to orient attention, participants simply used different 

strategies in Experiments 1 and 2. Changing the probability that an item is the target may 

constitute a qualitative change in task demands. Developmental changes would, therefore, 

reflect use of different strategies through childhood. However, there are some 

methodological and empirical arguments that run counter to such an alternative. That 

salient target and baseline trials were intermixed and presented randomly prevents shifting 

and/or adjusting search strategies before the presentation of the display. Furthermore, if 

we admit that qualitative shifts in task demands occur, then some specific effects would be 

expected in the baseline condition of Experiment 2 when compared to the respective 

baselines of Experiment 1 (and Experiment 3, too). Indeed, if participants just searched for 

the circle, then the absence of this circle would have no effect (i.e., a quick-and-dirty 
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rejection of the strategy followed by an item-to-item search for the target) rendering the 

baseline of Experiment 2 equivalent to the baselines of Experiments 1 and 3. Alternatively, 

it would have a detrimental effect on performance compared to the baselines of 

Experiments 1 and 3 because what the participant sees in the baseline counters his/her 

preparatory set and strategy (i.e., find the circle), and this would slow down performance. 

None of these were found, this is why changes in search strategy are less probable than 

the use of probabilities. 

In the past, several studies have attempted to assess the effects of cue predictability 

in Posner-like paradigms (Enns & Brodeur, 1989; Brodeur & Boden, 2000; Iarocci et al., 

2009), but with conflicting results, due perhaps primarily to the comparison of orienting 

effects (i.e., the difference between situations where the cue was valid and those where it 

was not). For instance, Enns and Brodeur (2000) concluded that only adults were able to 

enhance the salience-based orienting effect with incentives under predictable conditions. 

The most interesting study was probably by Iarocci and colleagues (2009), who 

investigated orienting of attention without spatial precues, with peripheral precues only 

(i.e., salience-based orienting), with central precues only (i.e., relevance-based orienting), 

or with both peripheral and central precues (i.e., integrated orienting). They found that 

performance was always faster when participants received both peripheral and central 

precues rather than peripheral precues only. This effect was observed across all age 

groups, as in the present study, and its mere presence is consistent with the postulate of 

enhanced processing due to integration of salience and relevance (Michael et al., 2006; 

Fecteau & Munoz, 2006).  An initial conclusion is thus that all age groups make good use 

of probabilities to integrate salience and relevance. A further finding of our study, never 

observed before (Iarocci et al., 2009), was that 7 year-olds exhibited larger effects of 

probability. This is most probably due to the fact that they orient attention more slowly 
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when the salient signal is less likely to be the target (i.e., 50%), and thus the benefit of 

advance knowledge is greater. This interpretation is also consistent with the greater 

benefits observed in Experiment 1 between the baseline condition and the condition where 

the salient item was 50% task-relevant. 

It is interesting to note that the trajectory of this effect was quite different to that 

observed when comparing the baselines of Experiments 1 and 2 (Figure 6).  The previous 

pattern was relatively stable and underwent only minor changes after age 9, whereas 

comparing the salient target conditions of these two experiments revealed an acute 

change after age 7 followed by a non-significant trend thereafter. These two results may 

appear to contradict each other, but the conditions they were triggered by actually involve 

a major difference, namely the presence of a salient item. Thus, the use of incentives 

generally and their use to orient attention probably involve different processes. 

Active Inhibition 

Active inhibition mostly applies to the location of a salient item that has already 

attracted attention and can still exert such a pull, and it will be maintained as long as the 

target is not found (Michael et al., 2006). Active inhibitory control was investigated by 

comparing situations where a salient distractor to be avoided was present in the search 

display with situations where no such item was present. In the salient distractor condition 

participants have to inhibit the salient item and continue their search while actively 

maintaining inhibition (Footnote 1). Irrespective of the probability of a salient signal being a 

distractor (Experiments 1 and 3), chronometric performance was slowed by its presence, 

but no developmental pattern at all was observed between the ages of 7 and 11. This cost 

was reduced at age 20. In keeping with past findings (e.g., Enns & Girgus, 1985; Levine et 

al., 1991; Goldberg et al., 2001; Bunge, 2002), this suggests inhibitory control per se is not 
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mastered until quite late. Unfortunately, because there were no age groups between 11 

and 20 in the present study, it is not possible to pinpoint the age at which inhibitory control 

starts to be achieved. 

Is the inhibition strengthened by the probability that an item is not the target ? Even 

though the separate analyses of the distractor effects in Experiment 1 and 3 suggested 

that active inhibition per se does not really undergo changes before the age of 11, a direct 

comparison of these two Experiments showed that the use of probabilistic signals may 

modulate the intensity of inhibition, and that this may develop through childhood. First, the 

overall distractor effect (independent of age) diminished as advance knowledge about the 

distracting nature of the salient item increased (50%: 307ms; 100%: 215ms).  Closer 

inspection of Figures 3B and 5B suggests strengthening of inhibition is visible as early as 7 

and remains more or less the same thereafter. This first finding is highly interesting as it 

suggests that youngsters can use probabilistic information to reduce interference 

originating from salient but task-irrelevant signals, even though active inhibition is not fully 

developed. The intensity of inhibition varies as a function of the advance knowledge about 

an item. Such probabilistic information requires central resources (Watson & Humphreys, 

1997) and influences inhibition. Seemingly, this occurs at an early stage of development 

and remains stable until adulthood, even though inhibitory control per se is weak in 

childhood. A second finding, however, suggests that the quantity of visual information 

available at a given moment is instrumental in the use of probabilistic signals to modulate 

inhibition. When the search display contained only 6 items, probabilistic knowledge was 

used efficiently whatever the age and, interestingly, to the same degree. However, when 

the search display contained 10 items, only participants aged 9 and over made efficient 

use of probabilistic knowledge. One possible interpretation is that the more items there are 

to explore, the more central resources are used. And the more that resources are 
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allocated to the current stimulus display, the less they are available for the correct use of 

probabilistic information. Such an interpretation assumes that the quantity of resources 

required for visual search, inhibition of salient distractors, and the correct use of 

probabilistic information exceeds the total resources available to 7 and 8 year-olds, and 

suggests, of course, that the pool of central resources develops during childhood (Irwin-

Chase & Burns, 2000). Some studies have shown that 10 year-old children and adults use 

central resources in a similar fashion (Karatekin, 2004; Karatekin et al., 2007).  This is in 

keeping with our own findings, although we believe that whether 9 to 11 year-olds use 

resources as adults do probably depends on the task at hand (Irwin-Chase & Burns, 

2000).  

The overall pattern suggests that inhibition per se develops late, but that the use of 

probabilistic knowledge develops early in childhood.  This use depends, however, on the 

complexity of the visual stimulus to be processed, suggesting differential use of resources. 

This adds support to the hypothesis that while inhibition and probabilistic signals are 

different, they may both depend on central resources. 

Theoretical Issues 

As announced in the introductory part, the present series of experiments was 

constructed on the basis of the Master Activation Map model of attention (MAMm; Michael 

et al., 2006; Figure 1). This model describes how interactive networks lead to the rise of 

attentive behavior in adulthood, ie. at the age point of highest efficiency. We would like, 

therefore, to end with the possibility of using this model and others (e.g., Kahneman, 1973; 

Posner, 1980; Posner & Petersen, 1990; Koch & Ullman, 1985; Theeuwes, 1991; Watson 

& Humpreys, 1997) as frameworks for interpreting the trajectories of attentional 

development observed in this study. 
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There would be three subsystems (Michael et al., 2007) that cooperate to produce 

attention-related phenomena. A computational subsystem made up of maps that process 

either bottom-up (i.e., generation of salience) or top-down (i.e., activation of relevance) 

signals. An operatory subsystem made up of the independent and indirectly interacting 

processes of orienting (comprising engagement, disengagement and movement of 

attention through space; Posner, 1980) and inhibition. And a directing subsystem that 

generates and maintains task-related goals and controls the top-down flow of information 

through capacity limited resources (Kahneman, 1973). In turn, resources regulate 

inhibition (Watson and Humphreys, 1997). There are a number of interesting questions in 

this context: How do the postulated processes and their interactions develop through 

childhood? At what age do they reach the fine-tuned efficiency observed in adults? Do 

processes such as active inhibition and orienting develop simultaneously? Do their 

interactions (e.g., maintenance of inhibition during visual search) follow a different 

developmental pattern? The developmental trends for some components of the MAM 

model as reflected through our data are summarized in Table 3.  

 

TABLE 3 ABOUT HERE 

Before a location in space containing a salient item can be selected, the differences in 

feature values of adjacent items must first be computed across all visual dimensions (i.e., 

colors, sizes, contrasts, etc.) within the primary visual cortex (Li, 2002). The aim is to 

determine their relative saliencies and arrange them hierarchically and, in parallel, to code 

the location of these items in the visual field (Koch & Ullman, 1985). Once the most salient 

item has been located in space, attention moves towards that location and engages there 

(Posner, 1980). Orienting of attention is thus driven by the characteristics of external 
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events that confer salience. In keeping with the literature (Enns & Brodeur, 1989; Trick & 

Enns, 1998; Donnelly et al., 2007), our results showed that moving attention to the location 

of the most salient item and engaging it there develops quite early and reaches its high 

point of efficiency before the age of 7. This suggests that the underlying computations of 

salience and localization of the most salient item are also efficient early. At present, there 

is no consensus on the brain structures that generate salience, but some of the candidate 

structures, such as the thalamic pulvinar (Robinson & Petersen, 1992), the primary visual 

cortex (Li, 2002) and the parietal cortex (Gottlieb, Kusunoki & Goldberg, 1998) mature 

early (Casey, Tottenham, Liston et al., 2005). If the salient item is not the target, attention 

disengages from that location (Posner, 1980) and moves elsewhere, proceeding from item 

to item until the target is found (Michael & Gálvez-García, 2011). By contrast, subserved 

by the parietal cortices that develop slowly, attentional disengagement develops slowly 

throughout childhood (Waszak, Li & Hommel, 2010). Our study suggests it starts 

developing at age 9 and reaches its high point of efficiency at 11.  

Whenever participants select items on the basis of advance knowledge that motivates 

developing and using incentives, orienting of attention is guided by goals and the internal 

representations of the target characteristics that confer relevance (Michael et al., 2006) as 

regards to the requirements of the task at hand. Comparing the baselines of the three 

Experiments revealed the preparatory effects fully attributable to task instructions (Laberge 

et al., 2000) and, therefore, to the development of relevance. It is likely that relevance 

develops before the age of 7 insofar as we found instructions caused participants to 

search for, and respond to the target more quickly. Interestingly, this effect was found in all 

age groups and remained virtually unchanged from between the ages of 7 and 11. It was 

found to be diminished in adults, suggesting that the point at which it reached its adult 

level was at some point during adolescence. The recent development of the notion of 
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relevance in the literature on attention (Michael et al., 2006; Fecteau & Munoz, 2006) does 

not allow for the precise description of the possible underlying neural mechanisms. 

Michael and colleagues (2006) suggested that relevance would be activated only if 

participants intend to find the target by using the available knowledge, and later accounts 

proposed that this could be done through fuzzy logic (Andrieu et al., 2008). The use of 

such information in order to generate and maintain goals could depend upon subregions of 

the dorsolateral prefrontal cortex (Michael et al., 2007). The activity of some of these areas 

seemingly decreases with age (Gogtay et al., 2004), and this may explain the decrement 

of the effect of probability observed in the performance of the group of adults in this study 

(see Figure 6B).  

In cases where the most salient item of the visual field happens to be the most 

relevant, as identified through instructions and advance knowledge, a coordination or 

integration (Fecteau & Munoz, 2006; Michael et al., 2006; Olk et al., 2008; Ristic & 

Kingstone, 2009) of bottom-up (salience) and top-down (relevance) signals takes place. 

Relevance therefore enhances salient signals (Fecteau & Munoz, 2006), allowing for faster 

selection and orienting (Michael et al., 2006) towards the location of the target. Our results 

suggest children as young as 7 already use advance knowledge to orient attention towards 

salient items when the probability of being the target is very high. Yet, their use of such 

incentives seems to reach adult levels at age 8, suggesting that the age at which they start 

to develop may be before 7. This is in keeping with the study by Ristic and Kingstone 

(2009) who found that preschool children (3-6 years old) exhibited an immature integration 

of what we call salience and relevance. 

At this point, we may tentatively conclude that the components of the computational 

subsystem as conceived within the MAMm (Michael et al., 2007) develop through 
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childhood at different rates, and this may be linked to differences in maturation of the 

cerebral tissue that subserves such computations (Casey et al., 2005). The computation of 

salience (Koch & Ullman, 1985) develops well before the full development of relevance, 

and this matches previous findings as well as the assumption that salience and relevance 

are independent. In contrast to the assumption that their integration is efficient when 

orienting based on relevance is fully developed (Ristic & Kingstone, 2009), we found that 

such an integration follows a different developmental trajectory (asymptote reached at age 

8) to relevance (asymptote reached after the age of 11). Such a finding supports the idea 

that integrated activities depend of course on their components (i.e., salience and 

relevance) and may be highly correlated to them, although the fact that their 

developmental sequences are separate suggests they acquire an independent status 

(Fecteau & Munoz, 2006; Michael et al., 2006; 2007). 

Searching for a target in presence of a salient distractor requires continuous inhibition 

of the signals that define it as salient, and since the inflow of visual information is 

continuous, inhibition must be maintained until the target is found. However, the results of 

our study suggest that when much is known in advance about the task-irrelevant salient 

item, its presence slows chronometric performance and its effects remain virtually 

unchanged up to the age of 11. A reliable decrement of this cost is observed in adulthood, 

suggesting that inhibitory processes that act to reduce it are mastered at some point 

during adolescence. This is consistent with most studies on the developmental trajectory 

of inhibition and the maturation of some areas of the right ventrolateral prefrontal cortex 

from which inhibition is thought to depend (e.g., Levin et al., 1991; Bunge et al., 2002; 

Brocki & Bohlin, 2004; Fan, McCandliss, Fossella et al., 2005, Aron et al., 2007; Michael et 

al., 2001b; 2006; Waszak et al., 2010). 
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Here, a conclusion can be drawn about the operatory subsystem as conceived within 

the MAMm (Michael et al., 2006; Michael et al., 2007). The results show that the 

operations involved in the orienting process (move, engage, disengage; Posner, 1980) 

follow different developmental trajectories to the inhibition process. This is in agreement 

with behavioral (Waszak et al., 2010) neuroanatomical findings (e.g., Fan et al., 2005). 

Some differences in maturational rate between the parietal cortices subserving orienting 

and the ventrolateral frontal cortex subserving inhibitory activity have already been 

described (Casey et al., 2005; Bunge et al., 2002; Huttenlocher, 1979). 

The control units of top-down activities, defined as part of the directing subsystem 

(Michael et al., 2007), were not targeted by this study. There is, however, some indirect 

evidence about their functioning. For instance, the effects of salient distractors on 

chronometric performance were reduced across all age groups and to a similar degree 

when participants were informed of the high probability that the salient item was a 

distractor, suggesting that the use of probabilities to activate inhibition is already mature 

before the age of 7. Furthermore, probabilistic information seems more resource-

consuming up to the age of 8, so that the processing of additional items exceeds the 

resources available, causing the unsuccessful use of such information (Kahneman, 1973). 

However, these are isolated findings, and further investigation is needed before the 

developmental trajectories of the directing subsystem be defined.  
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Footnotes 

1. The difference between the analogue conditions in the classical Posner’s paradigm (i.e., 

invalid and valid) are taken as reflecting orienting of attention. Within the frames of a 

modified visual search paradigm, this difference cannot be interpreted as such. 
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Table 1. Mean RT (1 SD) observed across the six age groups in the three Experiments as 
a function of the tested condition. 
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Table 2. Mean number of errors (1 SD) observed across the six age groups in the three 
Experiments as a function of the tested condition. 
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Table 3. Developmental trends observed in the three experiments for each component of 
the MAM model. 
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Figure 1. The Master Activation Map model by Michael et al. (2006). 
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Figure 2. Description of the protocol used in the present study. The probability of the 
presence of the salient item and of its probability to be associated to the target varied in 
each Experiment: 1/3 of trials and 50% relevant in Experiment 1, 1/2 of trials and 100% 
relevant in Experiment 2, and 1/2 of trials and 100% irrelevant in Experiment 3. The terms 
‘relevant’ and ‘irrelevant’ refer as to whether the circle contained the target or not, 
respectively. 
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Figure 3. Experiment 1. (A) Mean RT and 1 SEM as a function of age and target condition 
(baseline: no salient item; target: salient item 50% task relevant ; distractor: salient item 
50% task irrelevant). (B) Mean and 1 SEM of target effect (baseline condition minus target 
condition) and distractor effect (distractor condition minus baseline condition). 
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Figure 4. Experiment 2. Mean RT and 1 SEM as a function of age and target condition 
(baseline: no salient item; target: salient item 100% task relevant). 
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Figure 5. (A) Mean RT and 1 SEM as a function of age and target condition (baseline: no 
salient item; distractor: salient item 100% task irrelevant) observed in Experiment 3. (B) 
Mean and 1 SEM of the target effect (target condition minus baseline condition) and the 
distractor effect (distractor condition minus baseline condition) observed in Experiments 2 
and 3, respectively. Note that the scale is not the same for the target and the distractor 
effects for reasons of visibility. 
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Figure 6. Between-Experiment analysis of baseline conditions. (A) Mean RT and 1 SEM 
as a function of age and experimental context. (B) Mean and 1 SEM effect of experimental 
context: effect of knowing that the salient item, whenever present, is always associated 
with the target (Exp.1 minus Exp. 2), and effect of knowing that the salient item, whenever 
present, is always associated with a distractor (Exp.1 minus Exp. 3). (C) Mean and 1 SEM 
search slopes obtained in the three Experiments, expressed in milliseconds per item. Note 
that the knowledge about the salient target influenced RT in the baselines where no salient 
item was presented. 
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Figure 7. Between-experiment analysis of target conditions: salient item 50% relevant 
(Exp. 1) vs. salient item 100% relevant (Exp. 2). (A) Mean RT and 1 SEM as a function of 
age and experimental context. (B) Mean and 1 SEM effect of knowledge about the 
probability that the salient item be the target (Exp.1 minus Exp. 2). 
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Figure 8. Between-experiment analysis of distractor conditions: salient item 50% irrelevant 
(Exp. 1) vs. salient item 100% irrelevant (Exp. 3). (A) Mean RT and 1 SEM as a function of 
age and experimental context for 6-item displays. (B) Mean RT and 1 SEM as a function of 
age and experimental context for 10-item displays. 

 

 

 


