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On the utility of P3 amplitude as a measure
of processing capacity

ALBERT KOK

Psychology Department, University of Amsterdam, The Netherlands

Abstract

The present review focuses on the utility of the amplitude of P3 of as a measure of processing capacity and mental
workload. The paper starts with a brief outline of the conceptual framework underlying the relationship between P3
amplitude and task demands, and the cognitive task manipulations that determine demands on capacity. P3 amplitude
results are then discussed on the basis of an extensive review of the relevant literature. It is concluded that although it
has often been assumed that P3 amplitude depends on the capacity for processing task relevant stimuli, the utility of P3
amplitude as a sensitive and diagnostic measure of processing capacity remains limited. The major factor that prompts
this conclusion is that the two principal task variables that have been used to manipulate capacity allocation, namely task
difficulty and task emphasis, have opposite effects on the amplitude of P3. | suggest that this is because, in many tasks,
an increase in difficulty transforms the structure or actual content of the flow of information in the processing systems,
thereby interfering with the very processes that underlie P3 generation. Finally, in an attempt to theoretically integrate
the results of the reviewed studies, it is proposed that P3 amplitude reflects activation of elements in a event-
categorization network that is controlled by the joint operation of attention and working memory.

Descriptors: ERP, P3 amplitude, P3 latency, Task difficulty, Attention, Capacity, Processing resources

Probably no psychophysiological measure has received as muahore strongly on the application of this measure as a tool in
attention from researchers in the last two decades as the P3 cormoegnitive science. One of the important insights of the last decades
ponent of the event-related poten{igRP. There is general agree- has been that components of the event-related potentials like P3
ment that P3 is not a unitary brain potential but represents thean augment the information provided by performance measures
summation of activity from various widely distributed areas in thein the study of human information processif@oles & Gratton,

brain (see Johnson, 1993 and Paller, 1994 for a review of humari986; Rugg & Coles, 1995In particular P3 studies were driven
and animal studies, respectivelit is also generally accepted that by the notion that the information processing sequence can be
a distinction can be made between two subcomponents, namely thoken down in two portions, stimulus and response related pro-
novelty P3 and the target R®3b, or “classical” PB Novelty P3  cesses, with variation in P3 latency and amplitude representing
is a large, positive deflection with a frontocentral distribution that variations in demands on stimulus related processes.

is elicited by novel, nontarget stimuli and that mainly reflects

involuntary attention shifts to changes in the environm@nied- ~ P3 Latency

man & Simpson, 1994; Spencer, Dien, & Donchin, 1999 is A general consensus seems to have emerged from earlier studies
functionally related to another subcomponent, P3a, that seems hat P3 is evoked after the stimulus has been evaldafe

be more specifically related to deviant auditory nontarget event§oncept stimulus evaluation has been used by most ERP research-
(Squires, Squires, & Hillyard, 1975In contrast, the P3lithe ers in a generic sense: It refers to all processes in the information-
component that is the focus of the present review, and that wilProcessing stream that occur prior to selection and preparation of
further be referred to as P3as a more posterior-parietal scalp motor responses. A frequently observed phenomenon has been that
distribution and a somewhat longer latency than novelty P3 and®3 latency increases when categorization of the stimulus becomes
P3a. P3b has been regarded as a sign of processes of memwre difficult (Coles, Smid, Scheffers, & Otten, 1995; Courchesne,
access that are evoked by evaluation of stimuli in tasks that requirblillyard, & Courchesne, 1977; Kutas, McCarthy, & Donchin,
some form of action like a covert or overt respor(ﬁk)nchin’ 1977} Some studies have also reported that P3 Iatency is more
Kramer, & Wickens, 1986

Although early studies of P3 were mainly concerned with 1The term stimulus evaluation does not necessarily imply that the

validating the construct underlying P3, later studies have focusedupject has fully extracted all task relevant information. For instance, it is
conceivable that in conditions that create a data limitatzrch as a low
perceptual quality of the stimulus or high time pressuse when the

Address reprint requests to: Albert Kok, Psychonomics Departmentsubject follows a strategy that favors speed above accuracy, P3 can also be
Roetersstraat 15, 1018 WB Amsterdam, The Netherlands. E-mailemitted on the basis of partial informati¢see also Coles, Gratton, Bashore,
pn_kok@macmail.psy.uva.nl. Eriksen, & Donchin, 198b
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dependent on perceptual variables than on a task manipulation like global
stimulus—response compatibility. The latter task variable has a / \
large effect on reaction time and is assumed to influence primarily

the stage of response selecti¢hlagliero, Bashore, Coles, &
Donchin, 1984; McCarthy & Donchin, 1981; Smid, Mulder, Mul-

der, & Brands, 1992; Smulders, Kok, Kenemans, & Bashore, 1995; / \
Verleger, 1997.

I perceptual-central | respons

The insights provided by the earlier studies were of great verbal spatial verbal spatial
importance for making inferences from P3 latency in a series of
experiments that aimed at solving controversies concerning the / \ / \
“locus of effect” of experimental variables on reaction time. These
studies concerned the “interference” effect in the Eriksen flankervisual auditory  visual auditory

task (Eriksen & Eriksen, 1974 the “Simon effect” in spatial
compatibility tasks, the “Stroop effect” in semantic compatibility Figure 1. The hierarchical structure of Wickenst multipl_e resource quel.
tasks, and the “load effect’ in Sternberg tasks. The principaIUpper level: global resources, Iower_levels: increasingly differentiated
finding of these studies was that interference effects were muc gsourcegsee text for further explanatinit was further pro.posed that.
stronger for reaction timéor response related ERP measjithan emands upon perceptual-central resources are reflected in P3 amplitude.
for P3 latency measures. On the basis of results of the earlier P3

latency studies it was further suggested that response-related pro-

cesses were the probable locus of the interference eféegt,
Coles, 1989; Duncan-Johnson & Kopell, 1981; Ford, Roth, Mohs
Hopkins, & Kopell, 1979; Osman, Bashore, Coles, Donchin, &
Meyer, 1992; Zeef & Kok, 1992b; Zeef, Sonke, Kok, Buiten, &
Kenemans, 1996

Donchin, 1980; Sirevaag, Kramer, Coles, & Donchin, 1989; Wick-
ens, Kramer, Vanasse, & Donchin, 1982&nother factor that
contributed to the latter interpretation of P3 was the findings of P3
latency studies described above. Especially the seminal studies of
P3 Amplitude Kutas et al(1977), McCarthy and Donchiri1981), and Magliero

In contrast with P3 latency that reflects timing of mental processest! &l- (1984 have been frequently quoted in the dual-task studies,

P3 amplitude has been considered to be more closely related to tiec@use they were considered of crucial importance for making
intensity of processingDonchin, Karis, Bashore, Coles, & Grat- |nf§rences from P3 amplitude in decomposing the processing re-
ton, 1986: Donchin, Kramer, & Wickens, 1986; Kok, 1990: Polich duirements of complex tasks. _ ,

& Kok, 1995). Furthermore, a number of P3 researchers have It is not my intention to profoundly discuss the theoretical
explicitly or implicitly assumed that P3 amplitude reflects de- mechanisms that underlie interference in cognitive task perfor-
mands on “perceptual-central” resourdege Donchin, Kramer, Mance and the question whether attentional resources are unitary
etal., 1986, Kramer & Spinks, 199 The term perceptual-central or mulltiple. The main purpose of the present study i§ to critically
resources is derived from the multiple capacity framework that ha§xamine resultfs from a qumb_er of stgdles performed in the last two
been proposed by Wickert¢980, 1984 and that involves three decades in which variations in amplitude of the P3 component of
separate dimensions: stages of processing, codes, and modalitidd® ERP were related to task variables that were assumed to affect
The similarity of tasks within this three-dimensional space deter-Ntensity or load” of cognitive task operations. | shal examine in
mined the amount of interference between these tasks. With repartlcglar strong_(gnd still prevalentclaims that P3 _a_mplltude IS
spect to stages of processing, it was further proposed that perceptii €ctively sensitive to resources of a percepieagnitive nature.

and central processing relied on common resources, which in turh> @mPplitude studies will be reviewed within a broad context of
were functionally independent from resources associated with ret-’Oth single-task and dual-task studies, and re_sults will be d|§cussed
sponse processéBigure 1. Wickens' view clearly deviated from against the background_ qf three sets _of different experimental
earlier conceptualizations of resources in terms of a single centrf2riables, namely task difficulty, subjective contfalso denoted

pool of attentional capacity that can be applied to tasks of all type&S t@sk priority or emphasisand involuntary capture of atention.
(Kahneman, 1973: Norman & Bobrow, 1975: Shiffrin & Schneider In view of their relevance for the interpretation of the relationship
1977) ' ! : ' " between P3 amplitude and processing capacity, | shall first briefly

The hypothesis that P3 amplitude is diagnostic for perceptualdiscuss each of these variables in the section below. The third

central as opposed to response-related processing is mainly basagction then provides an overview of some early hypotheses re-

upon the results of dual-task studies suggesting that the relati0r§larding the determinants of P3 amplitude and the fourth section

ship between P3 amplitude and task demands occurred only wh scribes the results of a review of the literature in which the
these demands where percepfeagnitive in nature(Isreal relationship between P3 amplitude and cognitive task demands

Chesney, Wickens, & Donchin, 1980; Isreal, Wickens, Chesney gwas investigated more systematically. Finally in the fifth section |

' ' ' ' ' ' ' “shall discuss the utility of P3 amplitude as a measure of processing

capacity and propose a model to integrate the major findings of my
2There is considerable variation in the terminology used by researchergeview.

to designate resources underlying P3, even among researchers who share

the same theoretical orientation. Some have used global terms like “atten-

tional resources{Johnson, 1988or “extensiveness of controlled process-

ing” (Rosler et al., 1986; Ullsperger & Neumann, 198&hereas others FACTORS THAT DETERMINE CAPACITY DEMANDS

(see, e.g., Donchin, 1981; Donchin & Isreal, 1980; Isreal, Chesney, et al e

1980; Kramer, Sirevaag, & Braune, 1987; Pritchard, 1984e more Task Difficulty B Y

specific terms like “perceptual resources,” “perceptual-cognitive,” or It has been assumed that the amount of resources or “effort

“perceptualcentral resources.” allocated to a task is determined by the intrinsic demands, also
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denoted as task load or “difficulty” of the tagkahneman, 1973; The pattern of physiological and behavioral responses elicited
Navon & Gopher, 1980 Processing effort is assumed to be typ- by novel or unpredictable stimuli is known as the orienting re-
ically controlled by manipulations that change the task architecsponsg(OR). ORs are innate involuntary attention responses that
ture, like the complexity of perceptual or memory-related processesare elicited either by physical propertigsg., intensity, duration
Extensive practice reduces attentional demands of processes suah well as semantic properti€meaning of stimuli (Sokolov,
as visual and memory seartBchneider & Shiffrin, 1977; Shiffrin ~ 1963. One of the functions of the OR is allocation of capacity to
& Schneider, 197) Task difficulty and capacity are closely re- “elaborate the stimulus” for further processifitahneman, 1973
lated concepts, as task difficulty determines the intensity or extenThis is manifested not only in larger ORs, but also in a prolonga-
of resource demand¥Vickens, 1987, 1991 This means that more tion in reaction time to novel or infrequent stimuli, as compared to
effort needs to be invested to maintain a constant level of perforfamiliar or frequent stimuli. Ohmari1979 has elaborated the
mance in a difficult task than in an easy task, which will usually orienting concept within an information-processing framework by
lead to higher physiological costs. proposing that the OR represents a “call” for further processing in
a resource-limited system. The call may or may not be answered
Subjective Control depending on whether the_irjformation-processing__system is fully
);engaged in some other activity. Another feature of Ohman’s model

The amount of attention or capacity allocated to a task is not onl ) - -
determined by what a subject is doing, that is, the intrinsic dewas the assumption that ORs can be elicited either by low prob-

mands of a task, but are also under subjective or intentional contrdPHity or novel stimuli, that produce a “mismatch,” or by highly
(e.g., Mulder, 1986; Gopher, 1992; Gopher, Weil, & Siegel, 2989 _meanlngful, task-re_levant stimuli that produce “matches” with
Capacity allocation defined in terms of an intentionally controlled internal representations.

process has been investigated by using more stringent performance

criteria, motivational incentives, or priority or emphasis instruc-
tions (Wickens, 1991 Note also that these task variables are
sometimes also simply referred to as “task relevance.”

It is further wort_h _emphasmng that n _these con_dltlons, theThere is a close correspondence between the task variables that are
structural characteristics of the task conditions remain the SaM&<sumed to determine demands on processing capacity and the
ar_1d o_nly instructions regar_ding the relative emphasis of diﬁ_e_rem“antecedent conditions” of P3 amplitude as described in early
stimuli or tasks vary. In particular, research on focused and d'v'de%tudies of P3. The majority of studies in which these conditions

attention he_ls pro_wded a substantial amc_)unt of da_ta demonstratlrwere established used relatively simple oddball tasks. They will be
successful intentional control of processing capa@ty., Gopher, briefly listed below.

1992; Mangun & Hillyard, 1990; Naatanen, 1992n focused

attention tasks, the subject is instructed to pay attention only to ) -

relevant stimuli with specific physical features and to ignore irrel- 1Sk Relévance and Stimulus Probability

evant stimuli. In dual task conditions, subjects must allocate th(;rWO important determinants of P3 amplitude are task relevance

amount of attention to each of a set of qualitatively different tasksand squective probzlzlbili.t)(Donchin, Jj981;.Duncan-Jo.hnson &
according to fixed proportion.g., ignore stimuli in task A and Donchin, 1977, 1982; Pritchard, 1981; Squires, Donchin, Herning,

try to perform task B as well as possible, or try to perform both imhgﬁgtagfhﬁttégtzﬁ -{r?stkisre:ggnt%etése ‘;fil;?ﬁsd;f'liinﬁ gthe
tasks as well as possible at the same Jime stimuli versus ignoring the same stimuli while reading a book

. Subjective probability is manipulated by presenting unpredictable
Involuntary Attention , , , low probability stimuli that usually have “target” quality, that is,
Attention shifts may also be mediated by innate mechanisms th%quire a overt responge.g., button pre$sor a covert response
are tuned to events in th_e er)vironment like novel, highly me_an-(e_g_' mental countby the subject, against a background of stan-
ingful, or overlearned stimuli that seem to “capture” attention 4, q stimyli. An important observation of many studies has been
automatically (Graham & Hackley, 1991; Folk, Remington, & yhat stimulus probability and task relevance interact with another.
Johnston, 1992; Jonides, 1981; Kahneman, 1973; Theeuwes, 1994, i stance. effects of stimulus probability on P3 amplitude are
These involuntary processes may sometimes even temporarily,sent when subjects were actively ignoring these stimuli. This
disrupt ongoing task performance when it is under voluntary controlWas accomplisheth) by giving them an unrelated task to perform
(Duncan-Johnson & Donchin, 1977; Squires et al., 197%b) by
asking them to attend to other rapidly presented “relevant” stimuli

3Task difficulty is an ill-defined concefisee Kantowitz, 1987 Navon embedded in the same tagkKillyard, 1981; Hillyard & Kutas
and Gophe(1980 have argued that task difficulty is determined both by 1983 ' ' ’

the level of intended performan¢e.g., tolerance for errpand the “subject- L . . . .
task parameters”; the constraints imposed on the information processing 1he major interest in P3 amplitude as a reflection of processing
system by the task and the state of the subjed., amount of practice, ~capacity, however, stems not from its dependency on stimulus
specific abilities. In the present paper, task difficulty is conceptualized in probability, but rather from its dependency on task relevance: A

a strictly operational sense as the structural characteristics of a task thaassical finding of early studies was that the amplitude of P3
will increase the time required to perform the task or decrease the effi-

ciency of task performance, given that the subject is optimally motivated®?&ca@me strongly reduced when a subject’s attention was directed
to perform well. Some important determinants of task difficufity the away from the task in which the eliciting stimuli were embedded
latter definition are task complexity or number of task operations or (Duncan-Johnson & Donchin, 1977; Johnson, 1988 central
processing steps, level of practice, “data-limitatigperceptual quality guestion in subsequent studiés be reviewed in the next sectipn

and time pressure. Level of practice or “automaticity” is also considered t . - .
affect task architecture, because extended practice is believed to reduce t @as if P3 amplitude would also reflect more graded changes in

number of processing steps or task complefsise also Shiffrin, Dumais, attention as a function of different amounts of task priatidpnchin
& Schneider, 1981 et al., 1986; Kramer & Spinks, 1991; Wickens, 1987

DETERMINANTS OF P3 AMPLITUDE: SOME EARLY
OBSERVATIONS AND HYPOTHESES
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Meaning studies that have used the noise-incompatibility paradigriksen
Another factor that could affect P3 amplitude is the “meaning” or & Eriksen, 1974.

“salience” of the stimulus. Stimuli with high emotional value, P3 studies were selected according to the following criteria.
informative feed-back stimuli, and target stimuli usually elicit First, only studies were selected that have used either difficulty or
larger P3s than stimuli that do not have these properseg  priority manipulations, as described in the second section. Because
Johnson, 1988, Picton, 1992, and Pritchard, 1981, for early rethese task variables induce effortful, “controlled” processing, they
views). Note also that in addition to variables like task relevanceseemed to be most relevant for clarifying the relationship between
and subjective probability, stimulus meaning or salience has als®3 amplitude and processing capacity. In this context, special
been considered to be an important determinant of the orientingttention will also be paid téa) visual and memory search studies

responsd Pritchard, 1981; Sokolov, 1963 that have compared P3s in conditions of controlled and automatic
processing andb) conditions in which P3s could have been
Task Difficulty elicited automatically by attention capture. Second, only studies

The findings listed above suggest that when more attention isvere selected that described effects of experimental manipulations
invested in a task or stimulugither actively or passively P3  on both performance measures and P3 amplitude. An increase in
amplitude will increase. However, when the effect of task diffi- task difficulty was inferred from a prolongation of reaction time
culty on P3 amplitude is considered, the picture becomes morand/or increased error rate. In addition, a prolongation of P3
problematic. Although a higher level of task difficulty is assumed latency was taken as a sign that the processes that underlie P3
to mobilize more processing effort or resources, there is amplamplitude were also delayed in time.

evidence suggesting that P3 amplitude decreases with task condi- Because results of both single-task and dual-task studies are
tions that lower external or internal stimulus discriminability. On relevant for making inferences from P3 amplitude with regard to
the basis of these findings, several authors in the past have sugapacity, my review will also pay attention to both types of studies.
gested that P3 amplitude reflects the amount of information trans-

mitted during presentation of a stimulg3ohnson, 1986, 1988; Single-Task Studies

Kok, 1986, 1997; Parasuraman & Beatty, 1980; Ruchkin & Sutton,

1978; Scheffers & Johnson, 1994; Sutton, Braren, Zubin, & JohnThe following categories of single-task paradigms have been used
1965; Sutton, Tueting, Zubin, & John, 1967The amount of in combination with ERP measures: focused-attention tasks, visual
information is assumed to have an inverse relationship with theand memory-search tasks, complex perceptualceptual tasks,
subject’s degree of “equivocation” or the post hoc uncertaintyand choice-reaction tasks. Focused attention usually requires the
about having correctly perceived an event. focusing of a single relevant stimulus attribute, whereas visual and
memory search, also sometimes referred to as “divided attention,”
requires a division of attention between various stimuli on a dis-
play, or various items stored in memory. Both types of paradigms
have been applied to activate early perceptual as well as late
memory-dependent processes. Furthermore, a number of choice-
In the present section, | shall further discuss the utility of P3reaction tasks have used task manipulations that enable the isola-
amplitude as a reflection of specific resource demands in the lightion of elementary processing components like encoding, response
of the resource framework outlined in the previous sectmmmd  selection, and response execution. According to Sand®&3
depicted schematically in Figure.ln reviewing the relevant P3 and Wickeng1984), processing stages also depend on energetical
studies, special attention will be paid to the following three issuessupply mechanisms. Thus, the latter studies could provide impor-
(a) the different way task difficulty and attentionéle., priority) tant information regarding the diagnostic value of P3 in distin-
manipulations may affect P3 amplitud®) alternative interpreta- guishing between resources demanded by these more elementary
tions of P3 amplitude in terms of equivocation and involuntary processing componentalso see Table 1 for an overvigw
attentional responses in tasks that manipulated difficulty of cog-

nitive operations, andc) overlap between P3 and slow negative Focused Attention Tasks

waves in complex paradigms that involved activation of working A consistent finding of focused attention studies that used fast
memory. stimulus presentation ratéSls varying between 400 and 800 ns
was that only the attended targets elicited a P3 compattitit

yard, 1981; Hillyard & Kutas, 1983; Hillyard, Picton, & Regan,
1978. Hillyard and coworkers further argued that attention-related

It is not the intention of the following review to provide an negative waves and P3 reflect two different hierarchically ordered
exhaustive survey of all studies that have reported P3 amplitudievels of processing: earlier selection potentfakflected in N1
results in the settings of cognitive tasks. Rather, my purpose is tand the early portion of the “negative difference wavélid)]
select a subset of the more substantial studies that were based mpresented processing related to “stimulus set,” whereas P3 was
information processing models or experimental paradigms and thatependent on subjects’ “response set.” Response set, the mecha-
allowed quantitative inferences about the relationship betweemism supposed to be reflected by P3, was described as a selection
processing resources and P3 amplitude. The review also excludesechanism that is based on a more detailed and higher level of
research in areas that to my knowledge have provided no or onlprocessing, that is, when sensory information is compared against
very marginal data on P3 amplitude, such@sstudies on effects memorized templates or internal models.

of mental effort to compensate for the detrimental effect of sub- A strictly hierarchical model predicts that the onset of early
optimal statege.g., noise, mental fatigueon performance(b) negativities(N1, Nd) and P3 are correlated with each other. How-
studies on effects of motivational incentive®) studies using ever, according to Naatanda982, 1992, the available data in
irrelevant “probe” stimuli as a measure of spare capacity,(dnd focused-attention tasks do not provide much support for this pre-
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Table 1. Summary of P3 Amplitude Findings in Single-Task Studies
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Task manipulations

Relevant studies

Major results

Focused attention

Hillyard & Kutas, 1983 a.o.;
Hillyard et al., 1978;

Larger P3 to attended than
unattended targets

Looren de Jong et al., 1988;
Lorist et al., 1994; Okita et al., 1985;
van der Stelt et al., 1998

Focus versus divided attention

Mangun & Hillyard, 1990 Larger P3s to target stimuli in

focused than divided condition
Visual search: memory load Brookhuis et al., 1981; Gomer et al., 1976; Smaller P3 with greater
Gunter et al., 1992; Kotchoubey et al., 1996; memory load
Kramer et al., 1986; Looren de Jong et al., 1988;
Lorist et al., 1994, 1996; Mecklinger et al., 1992;
Okita et al., 1985; Pelosi et al., 1995;
Strayer & Kramer, 1990; Wijers et al., 1989a,b

Brookhuis et al., 1981; Hoffman et al., 1983; Smaller P3 with greater
Kok et al., 1987; Lorist et al., 1996; perceptual load
Smid et al., 1991;* van Dellen et al., 1985;
Wijers et al., 1987; Zeef & Kok, 1992a

Luck & Hillyard, 1990

Visual search: display load

Larger P3s with greater
perceptual load and lower
subjective probability of targets

Visual search: automatic versus controlled processing Hoffman et al., 1983; Kramer et al., 1986; Larger (or equal amplitudeP3s
van Dellen et al., 1985 in consistent relative to varied
mapping conditions

Complex perceptual aridr conceptual operations Garcia-Larrea & Cézanne-Bert, 1998; Smaller P3 with greater perceptual
Wijers et al., 1989a load

Ullsperger & Neumann, 1986; Ullsperger et al., 1988 Larger P3 with greater complexity
of matching operations

Elementary processing stages: stimulus quality Ford et al., 1982; McCarthy & Donchin, 1981;  P3 amplitude equal for degraded
Pfefferbaum et al., 1983, 1985; Smulders et al., 1995and intact stimuli(single-trial P3%
Christensen et al., 1996; Magliero et al., 1984;* Smaller P3s for degraded than intact

Pfefferbaum et al., 1986; Pfefferbaum & Ford, 1988 stimuli (single-trial P3%

Kok, 1986; Kok & Looren de Jong, 1980a;
Kok et al., 1985; Lorist et al., 1994;
Ruchkin et al., 1988; Scheffers et al., 1991

Same result as abovaverage P3s

Elementary processing stages: response compatibility  Ragot, 1984; Ragot & Renault, 1981 Amplitude P3s not different in

incompatible and compatible

conditions
Christensen et al., 1996; Magliero et al., 1984;* Smaller P3s in incompatible than
McCarthy & Donchin, 1981;* Pfefferbaum et al., 1986compatible conditions
Ragot & Fiori, 1994 Larger P3s in incompatible than

compatible conditions

Elementary processing stages: response complexity Ragot, 1984; Ragot & Renault, 1981
Smulders et al., 1995*

No effect on P3 amplitude

Smaller P3s in complex than in
simple conditions

*Result based upon visual inspection.

diction. First, the differential P3 effect is almost immediately ing selective focusing of attention, sensory and central-cognitive
present in the beginning of the experiment, whereas the N1 effeqirocesses do not always have to follow each other in a strictly
takes some time to develop. Second, it has been shown thaerial or hierarchical order, and can operate in a more or less
“channel separation(i.e., the physical disparity between relevant independent fashion.

and irrelevant stimuliaffects Nd amplitude but not P3 amplitude Some studies have used the focused attention paradigm in
or latency(Hansen & Hillyard, 1988 A later study by Mangun & combination with lower presentation rates of relevant and irrele-
Hillyard (1990; see further belowdemonstrated that in visual vant visual stimuli(I1Sls of approximately 1-2)sA first finding in
attention tasks, higher processing stages reflected in P3 amplitudbese studies was that attended nontarget stimuli also elicited
do not necessarily depend on stages reflected in early ERP consubstantial P3s, albeit of a lower amplitude than attended-target
ponents. Thus, these findings support the view that in tasks requistimuli, at corresponding levels of a priori probabiliyooren de
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Jong, Kok, & van Rooy, 1988; Lorist, Snel, Kok, & Mulder, 1994; Visual and Memory Search
van der Stelt, Kok, Smulders, Snel, & Gunning, 1998 contrast  In visual search tasks, subjects must detect targets on a display that
with studies that have used fast presentation rates, these studiesntains a number of nontarget stimuli or “distractors” that are
also reported a late positive deflection for target stimuli presenteghresented simultaneously with the tardéie “display set). A
at the irrelevant channélLooren de Jong et al., 1988; Lorist et al., specific hybrid version of a visual search was developed by Shif-
1994; Okita, Wijers, Mulder, & Mulder, 1985; van der Stelt et al., frin and Schneider in which the number of target stimuli or “mem-
1998. The fact that this component was more centrally distributedory set” was also varie@Schneider & Shiffrin, 1977; Schneider,
at the scalp, suggests that it could also represent the P3a compbumais, & Shiffrin, 1984; Shiffrin & Schneider, 197.7The ad-
nent, a component that is assumed to be functionally separableantage of this approach is that it allows examination of effects of
from the classical centroparietal @3 (Squires et al., 1975 difficulty of both perceptual and memory-dependent processes on
The latter findings support the view that in visual selective P3 amplitude: Perceptual load is manipulated by varying the dis-
attention paradigms that use a relatively low presentation rate gblay set, whereas memory load is manipulated by varying the
stimuli, processing of irrelevant information cannot be alwaysmemory set. The classical Sternberg téSternberg, 1969may be
suppressedLavie, 1995; Lavie & Tsal, 1994 In contrast with ~ seen as a special version of a visual search task, in which only the
high load filtering paradigms, the paradigms used in these P3nemory load is varied and the display load is minimal: The display
studies can be considered as typical representatives of “selectivantains only one stimulus, a target or a nontarget. Although other
set paradigms” that have used a much lower perceptual loadarieties of visual search tasks have been described in recent

(Kahneman & Treisman, 1984 literature based on different conceptual frameworks, the present
review will be restricted to the older paradigms, because they have
Focused Versus Divided Attention been used most frequently in combination with P3 measures.

In the tasks described above, subjects were instructed to attend to
relevant stimuli and not to pay attention to the irrelevant stimuli. In  Effects of Memory Load
other studies, the relative allocation of attention to stimulus fea- A classical finding of many visual search studies using alpha-
tures was varied in a more gradual fashferg., pay 50% attention numeric stimuli was that the slope of the memory load function
to stimuli presented in the right visual field and 50% attention towas much steeper for reaction time than for P3 latdBrpokhuis
stimuli in the left visual field, as compared with 100% attention to et al., 1981; Ford et al., 1979; Ford, Pfefferbaum, Tinklenberg, &
the right field and 0% attention to the left figldAlthough these  Kopell, 1982; Gomer, Spicuzza, & O’Donnell, 1976; Kramer &
studies may be considered as a special case of dual-task studi8grayer, 1988; Mecklinger, Kramer, & Strayer, 1992; Pelosi, Hay-
(reviewed further below in this papel prefer to discuss them in ward, & Blumhardt, 1995; Résler et al., 1986; Zeef, Kok, &
the present section, because their results seems to be a logidé&nemans, 2001; see also Verleger, 1997 for a general rgview
extension of those of the focused-attention studies. These results could indicate that P3 is less sensitive than perfor-
Most of these studies described results only for the early negmance measures, and might saturate earlier when demands are
ative going componentN1) of the ERP. The major finding was high (see also Meyer, Osman, Irwin, & Yantis, 1988he prevail-
that the amplitude of N1 in the divided attention condition wasing interpretation of the P3eaction time dissociation however is
intermediate between those elicited by the attended and unattendétht memory load affects not only the memory comparison process
channels during focused attenti@dink, van Voorhis, & Hillyard,  (presumed to be reflected in P3 latephbyt also response related
1977; Parasuraman, 1978, 1990; Van Voorhis & Hillyard, 1977;stages that follow the memory comparison and the subsequent
but see also Kok, 1997 for a more detailed revie@f particular ~ binary decision stages. For instance, Ford et al. suggested that a
relevance for the present review is a study by Mangun & Hillyardreason why reaction time was more delayed than P3 latency during
(1990. They systematically varied the priority of visuospatial high memory load could be that subjects followed a more cautious
attention in a task in which subjects were required to react to letteresponse strategy in the high load than in the low load conditions
patterns that were presented randomly and at a high rate in the lefford, Mohs, Pfefferbaum, & Kopell, 1980
and right visual fields. Subjects were instructed to focus attention With respect to P3 amplitude the majority of studies using
exclusively on either left or right field stimuli, or divide their alphanumerical stimuli have reported that P3 amplitude decreases
attention in different proportions between the fields. Bothy R1L  as a function of increase of the memory @tookhuis et al., 1981;
and P3 results were analyzed. It was found that P1 and N1 ampliSomer et al., 1976; Gunter, Jackson, & Mulder, 1992; Kotchoubey,
tudes progressively increased with greater attentional allocation tdordan, Grozinger, & Westphal, 1996; Kramer, Schneider, Fisk, &
the eliciting stimuli. The attentional operating characterigki©C) Donchin, 1986; Looren de Jong et al., 1988; Lorist et al., 1994;
functions of these componen@mplitudes of components plotted Lorist, Snel, Kok, & Mulder, 1996; Mecklinger et al., 1992; Okita
separately for left and right field stimuli as a function of task et al., 1985; Pelosi et al., 1995; Strayer & Kramer, 1990; Wijers,
priority; see Sperling, 1984howed a steep almost linear ampli- Mulder, Okita, & Mulder, 1989; Wijers, Otten, Feenstra, Mulder,
tude trade-off as attention was increasingly allocated to one visuak Mulder, 1989. These results were obtained in “varied-mapping”
field at the expense of the other. With respect to P3 amplitude tdVM ) conditions, that is, when stimulus-response associations
target stimuli, the AOC curves showed a more rectangular formwere varied constantly over trials or over subblocks of trials.
that was similar to that observed for the performance measures. In interpreting these results, the following five factors could
The authors suggested that reductions in earlier selection procesdesve contributed to the reduction of P3 amplitude with increasing
(reflected in P1 and N1 amplitudeseed not be paralleled by memory load(see also Kok, 1997
proportional reductions in detection performance and the asso-
ciated P3 component. Apparently, they concluded, the higher Latency jitter. Smaller P3s could have resulted from a larger
processing stages reflected by P3 could still achieve accurateariability (“jitter”) of P3 across individual trials in the high than
identification of the target quality despite the lower level of sen-in the low memory load conditions. However, the fact that some of
sory gain. the prior studies also found a P3 reduction with high memory load
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when P3 amplitude was measured on a single-trial b@sis, These results raise the question to what extent the P3 reduction

Brookhuis et al., 1981; Gunter et al., 1992; Kramer et al., 1986;n search tasks is “nothing but” an artifact caused by overlap with

Mecklinger et al., 199Rindicates that latency jitter cannot be the sustained negative waves. There is evidence suggesting that this is

sole factor that is responsible for the reduction of P3 amplitude imot the case. For instance, Kramer et(@986 and Mecklinger

high load conditions. et al. (1992 have demonstrated by using principal component
analysig PCA) of ERP waveforms that P3 and negative slow wave

Equivocation.Amplitude reduction of P3 in high memory load @activity could be clearly dissociated both by their scalp distribution
could have reflected stronger equivocation or the subjects’ de@nd sensitivity to memory load. PCA factors scores were sensitive
creased confidence about having perceived the correct target eveli. @ reciprocal fashion to variations in memory load: P3 positivity
In memory search tasks, equivocation could have resulted frorflecreased at Pz whereas slow wave negativity increased at Cz with
weaker memory representations or lower internal discriminabilityincreasmg set size. Thus, a more plausible conclusion is that in the

of target event§Johnson, 1988; Johnson & Donchin, 1985; Ruch- previous studies, P3 reduction with increased size of the memory
kin & Sutton, 1978. set reflected various simultaneous influences.

. Resource reallocationA final interpretation has been proposed
Overlap between multiple P3Some authors have suggested .
" . . . by Kramer and colleagué&ramer et al., 1986; Strayer & Kramer,
that effects of cognitive task manipulations on the latency, ampli- . -
. 1990. They suggested that the decrease in P3 amplitude was due
tude, ortopography of P3 are distorted due to overlap between P 0 the complex multicomponent nature of the memory search task
and P3b(Brookhuis et al., 19810or between two successive sub- P P Y '

components of the P3b complékalkenstein, Hohnsbein, & Hoo- 'Cnoxh::Sgemsorlgg:sssd;ren?rgfﬁoggtg:ﬁ grrc:jt;e é?;ps m?ﬁ;ig:wr
rmann, 1994; Falkenstein, Koshlykova, Kiroj, Hoormann, & P P P y y

Hohnsbein, 1996 The common aspect of their arguments is thatrehearsal componen_t of the search téigure 2, Iefl.. Memo_r;_/
" - A rehearsal was conceived of as a spontaneous ongoing activity that
when task conditions become more difficiis in high load

conditions of the memory search tasthe second peak shifs in is not time-locked with the target identification or serial compar-

time, whereas the first peak remains relatively stable. Thus, in the O Process. Thus, increasing memory load gradually leads to the

- . availability of fewer resources, thereby decreasing the amplitude
easy condition, the two components add, whereas in the more o
o o L . .. ._of P3 to the target stimuli in the search task. Note that the latter
difficult conditions, the mutual enhancement diminishes, which in. . ) . ,
L . interpretation of P3 follows directly from Wickens’ resource model
turn leads to a reduction in P3 amplitude. . . .
(Figure 1, which assumes that working-memory procegsesdes
] ] ) of processing) also make demands on perceptual-central re-
Overlap P3 with slow negative waves different type of  soyrces. Figure ight) also shows an alternative interpretation of
overlap was suggested by Wijei/ijers et al., 1989b, but see also resource reallocation suggested by Kd®97. According to the
Okita et al., 1985, and Pelosi et al., 199%hey proposed that the |atter view, P3 amplitude only reflects resources invested in the
P3 reduction effect in memory search tasks was due to overlagyrget identification process and smaller P3s with higher memory
between P3 and a sustained negative wébet they labeled |oaq result from depletion of resources by the serial comparison
“search negativity) that occurred in the same latency range a$ P3. process and overlap with negative slow waves.

The negative waves were computed by subtracting ERPs to non-
target stimuli in low memory conditions from ERPs to nontarget  Effects of Perceptual Load
stimuli in the high memory load conditions. According to Wijers A number of visual search studies have demonstrated that
et al. (1989 the search negativities reflect controlled search Pro-yarying the display set and the memory set have identical effects
cesses and are functionally related to the processing negativitie§, reaction time, which suggests that both task operations are
found in auditory focused attention tagidaatanen, 1992 Pelosi equally effective in manipulating control process@chneider
et al. (1999 further suggested on the basis of inspection of indi- g al., 1984. ERP studies that varied display logphanumeric
vidual waveforms that the negative amplitude shift overlappingstimu”) have also reported a delay of P3 latency, and a reduction
with the P3 complex could also cause an artific@parentgroup  of p3 amplitude with an increase of the display lq@iookhuis
latency shift of P3 in the high load conditions. et al., 1981; Hoffman, Simons, & Houck, 1983; Kok, Looren de
Jong, Woestenburg, Logman, & Rooy, 1987; Lorist et al., 1996;
“The overlap issue seems to be especially relevant in multicomponerMid, Lamain, Hogeboom, Mulder, & Mulder, 1991; van Dellen,
(e.g., memory searghtasks in conditions when P3 and slow negative Brookhuis, Mulder, Okita, & Mulder, 1985; Wijers et al., 1987,
waves are active in the same time range. Wijét889, p. 238 have  Zeef & Kok, 19924 Brookhuis et al(1981) measured P3s on the
discussed the various possibilities that exist in this kind of paradigm. Wherhasis of a single-trial adaptive averaging technique that precludes

controlled search processes and target detection occur in a strictly sequep- . - - - } .
tial fashion, then one would expect little temporal overlap between searchgn interpretation of their P3 amplitude reduction effect in terms of

related negativity and P3. However, substantial overlap could occur whe@N increased latency variability. However in the Hoffman et al.
the mental processes do overlap in time, for example, when the seardf1983 study, the P3 reduction effect disappeared after correction
process continues after the target detection process has finished. A secofist latency variability. Furthermore, some of these studies reported

type of source of ERP overlap could originate not from mental processesya; the decrease in P3 amplitude as a function of display load
but from the neural activities underlying these processes. For instance, it is

imaginable that neural activity during memory search persists sometim@PPeared to be more prominent at the poste(@ scalp site,
after the mental processes have already terminateel also Meyer et al., Whereas effects of memory load on P3 amplitude had a more
1988, for a discussion of the same probjeFinally, another cause of more  central (Cz) focus at the scalgLorist et al., 1996; Wijers et al.,
artificial ERP overlap could result from the fact that the processes that_|_987; Zeef & Kok, 1992a

generate these components have a variable latency and duration across - . .
single trials, and are smeared out in time in the averaging process. In this Deviating results were found by Luck and Hillyaft990 in a

case, slow negative shifts and P3 could show overlap although the unde¥isual search task with abstract stim(tiangles with or without
lying processes do not overlap. additional features They also reported longer reaction times and
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Figure 2. Left: Representation of the resource-reallocation principle proposed by Kramer to account for the reduction of P3 amplitude
with increasing memory load. Dark areas represent resources, related processes, and ERP components supposed to be affected by
memory-load manipulations. P3 amplitude reflects demands on the same pool of perceptual-central resources depleted by both target
identification and memory search processes. Memory rehearsal is conceived of as a process that is not time-locked with memory search
processes, but still makes demands on perceptual-central resources. Thus, a consequence of increasing memory load is that less
resources are available for the memory search and target identification processes due to increasing demands of memory rehearsal.
Right: Alternative view proposed by KokL997), in which P3 amplitude is assumed to reflect only resources invested in target
identification. Here, the smaller P3 with greater load is attributable to two factors, naayegsources depletddeallocatedl by the

memory search process afty) overlap with negative slow wave.

P3 latencies with increasing set size of the display. In contrast witltapacity, should lead to enhancement of P3 amplitude. Indeed, the
the prior results, P3 amplitude of response locked ERPs showed available evidence seems to globally confirm this hypothesis.
increase with size, but only when feature-absent stimuli were An early study by Hoffman demonstrated that P3s that were
targets. Note that in almost all the other visual search studies citedlicited by stimuli in consistent mapping conditions were earlier
above, effects of display or memory load on P3 amplitude were ofind of almost the same magnitude as P3s elicited by stimuli in
almost the same magnitude for target and nontarget trials. Thisaried mapping conditions, even after latency adjustment of P3s
could indicate that in the present study, P3 enhancement witliHoffman et al., 1988 Furthermore, the effects of display size on
increasing set size reflected other more specific aspects of praeaction time and P3 latency were much smaller in consistent than
cessing than demands on a limited capacity system. One possibilityaried mapping conditions. Even more convincing are the results
that was also suggested by the authors is that the P3 enhancemeafitwo other studies that reported an increase of P3 amplitude as a
with greater set size reflected the lower subjective probability offunction of practicg Kramer et al., 1986; van Dellen et al., 1985
targets in these conditions. Because in the present study both thter extensive training, P3s to high probability CM stimuli be-
paradigm(type of stimuli, interstimulus intervahnd scoring method came even significantly larger than those to VM stim{idramer

of P3 (response locked averagingeviated in several respects etal., 1986. Consistent with the study of Hoffman, Kramer further
from those used in other search studies, the results are difficult tshowed that effects of memory load on P3 amplitude were much
interpret in the context of the prevailing model of effortful con- smaller during the consistent mapping than during the varied

trolled processes of Shiffrin and Schneid&877). mapping condition. The effects of memory set size on P3 latency
and reaction time also became reduced with practice, but mostly in
Automatic Versus Controlled Processing the consistent mapping condition. Similar P3 latefiegction time

The visual search paradigm has also been used extensively {§Sults were obtained a subsequent study by Kramer and Strayer
study controlled and automatic processing. Controlled processin@l%a-
is assumed to play a role in situations in which stimulus—response
relations are varied over time. Shiffrin and Schneider have labeled Intentional Control Versus Difficulty of Search Operations
these conditions as varied mappifgM ) conditions: targets and The studies described in the previous sections were mainly
nontargets constantly change roles over successive trials. In addioncerned with the question how P3 amplitude is affected by the
tion, automatic detection develops during consistent maggivy, complexity of search operations. To my knowledge, only one ERP
that is, when targets and nontargets never change roles over trialstudy has systematically addressed the issue of to what extent
Extensive practice reduces demands of controlled processing isearch operations and their ERP manifestations are affected by
visual search tasks, at least in CM conditions when the stimulus+intentional (i.e., voluntary control. Zeef, Kok, and Kenemans
response associations are unaltei@chneider et al., 1984 (2001 manipulated the difficulty of search operations by varying

The studies reported above demonstrated that larger P3s atke number of nontarget stimuli on the displ@ysplay load and
elicited by stimuli in low than in high memory load conditions. the size of the memory s@nemory load. In a separate condition,
Therefore it seems plausible that development of automatic prosubjects performed the same task but also received a feedback
cessing, and the concomitant reduction of demands on limitedtimulus after each trial. Feedback consisted of a red or green light
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informing subjects about the speed and accuracy of their responsmtegories elicited longer reaction times and more errors, P3 am-
relative to an individually determined criterion value. Feedbackplitude remained equal or even increased slightly with greater task
resulted in faster and slightly less accurate responses relative to thafficulty. Similar results were reported in an earlier study by
condition without feedback. Interestingly, feedback resulted in aUllsperger(Ullsperger & Neumann, 1986n which they used the
slight increase of P3s to target stimuli, and concomitant decreassame type of paradigm, but varied the perceptual difficulty of the
and earlier termination of the search-related negatidifference  matching operation. In this study, P3 amplitude also seemed to
waves ERPs low minus high load conditipmelative to no feed- increase with greater task difficulty.

back. Thus it appeared from these findings that intentional control It is hard to tell which factors were responsible for the deviant
and task difficulty had contrasting effects on the ERP componentpattern of results in the latter two studies. One possibility is that,

that were elicited by the search processes. because the investigators were primarily interested in the P3 com-
ponent, they could have overlooked more sustained potentials

Tasks Using Other Complex Perceptual shifts in their ERP waveforms. Another factor that could have

and Conceptual Operations especially played a role in the study of Ullsperger and Neumann

A number of ERP studies have used a variety of complex concep1986), is that stimuli in the more difficult conditions had a greater
tual operations such as mental rotation, concept formation, arithecomplexity or “signal value.” Thus, stronger orienting to these
metic, and semantic processing. The paradigms used in thestimuli could have been partly responsible for the larger P3s that
studies usually elicited prolonged slow negative waves that oftenvere found in the more difficult conditions.

extended the typical P3 latency range., 300-600 ms Most
authors interpreted these negative waves as signs of continu
processing in working memoig.g., Lang et al., 1987; McCallum, Processing Stages

Cooper, & Pocock, 1988; Peronnet & Farah, 1989; Rosler, Hell, &In this section, the effects of three different task variables, stimulus

Roder, 1997; Ruchkin, Canoune, Johnson, & Ritter, 1995; Ruchy uality, stimulus—response compatibility, and response complexit
kin, Johnson, Mahaffey, & Sutton, 1988; Wijers et al., 198Far q Y, P P Y, P P Y,

- . - . on P3 amplitude will be discussed. According to the framework of
the sake of brevity, | shall restrict my review of these studies to I .
. . the additive factors methogee Sanders, 1997; Sternberg, 1969
those papers that also reported the effect of task manipulations . . - - .
P3 amplitude ese variables will affect the following stages: feature analysis
Wijers et al.(19893 used a Sternberg memory scanning tasksencodlng, response selection, and response execution. Following

in which the probdtarget or nontargestimuli were rotated letters. the cognitive-energetical model of Sander983, an effect of one

The effect of mental rotatiofi.e., the angle of rotatiorbecame these variables on P3 amplitude will be taken as a sign that the

) S . related processing stage has also made demands on a specific
apparent as a systematic reduction in amplitude of P3 to targe(t P g g P

stimuli, which was most prominent at the posterii) site. P3 perceptual, central, or respofnsesource system. Note that mem-

. . . - . ory set size that is presumed to affect the memory comparison
reduction was ascribed to overlapping negative shift that was : . .

o . stage(Sternberg, 1969will be left out of consideration, because
active in the same time frame as P3.

Finally, a study by Garcia-Larrea & Cézanne-BdQ98 found this task variable has already been discussed extensively in the

. . . . . ion “Visual and Memor rch.”
that P3 amplitude systematically decreased in amplitude with thesectlo Isual and Memory Searc

subjective difficulty of target identification in an auditory oddball

task. The difficulty of the task was manipulated by requiring the  Stimulus Quality

subjects to perform complex subsidiary mental operations like Many studies have demonstrated that visual stimulus degrada-
counting(forward and backwandand transformation of semantic tion, a task manipulation that affects the encoding stage, causes an
information. They further reported that a slow positive wave increase in reaction time and a decrease in accuracy of responding.
emerged in the more difficult conditions. These results are remiSome of the ERP studies that have used the same manipulation
niscent of earlier findings of RuchkifRuchkin & Sutton, 1983; reported a delay in P3 latency, but found no effects on P3 ampli-
Ruchkin et al., 1988 who also concluded that positive slow waves tude(Ford et al., 1982; McCarthy & Donchin, 1981; Pfefferbaum,
with a centroparietal distributions were elicited by target stimuli in Ford, Johnson, Wenegrat, & Kopell, 1983; Pfefferbaum, Ford,
difficult perceptual discrimination tasks. Weller, & Kopell, 1985; Smulders et al., 1995inally, Chris-

It should be noted that in these studies, ERP components wettensen, Ford, and Pfefferbaufd996, Magliero et al.(1989,
measured on the basis of averaged ERP waveforms. Single-tri#ifefferbaum and Ford 988, and Pfefferbaum, Christensen, Ford,
scoring or filtering techniques that are customary for measuremerdand Kopell(1986 reported both an increase in P3 latency and a
of P3 are not applicable for these more sustained potential shiftslecrease of P3 amplitude with stimulus degradation. With the
Therefore it cannot be ruled out that reduction of P3 amplitude wagxception of the study by Smulders et @995, all these studies
also influenced by greater latency variability of P3 in the moremeasured P3 on the basis of latency-adjusted averages.
difficult conditions. In contrast, a number of studies reported that degradation of

Two studies, however, reported results that deviated from thevisual stimuli caused a reduction of P3 amplitude, but had only
general pattern of the prior studies. Ullsperger, Metz, and Gillesmall and nonsignificant effects on P3 lateribypk, 1986; Kok &
(1988 did not observe an effect of complexity of linguistic or Looren de Jong, 1980a; Kok, van de Vijver, & Rooyakkers, 1985;
mathematical operations on either sustained negative waves or R®rist et al., 1994; Ruchkin et al., 1988; Scheffers, Johnson, &
amplitude. They used a matching task in which subjects had t&Ruchkin, 1991 In these studies, however, P3 was measured on the
match either two sequences of nonsense syllalitgperiment 1 basis of the average ERP waveforms. Thus it is probable that
or two sequences of digité€Experiment 2 that were presented smaller P3s were partly due to a greater latency jitter of P3 in the
simultaneously on a screen. The difficulty of the matching opera-more difficult discrimination conditions. In the same studies, la-
tion was varied systematically by applying linguistic or mathemat-tency jitter could perhaps also have masked a latency difference
ical rules of increasing complexity. Although the more difficult between easy and difficult discrimination conditions.

eIdasks That Manipulated the Difficulty of Elementary
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Some studies that varied perceptual difficulty of visual stimuli Dual-Task Studies
also reported effects on a late positive ERP component that was
labeled positive slow wavéCremer, Kok, Zeef, & Keuss, 1996; In dual-tasks experiments, subjects must perform simultaneously
Kok, 1986: Kok & Looren de Jong, 1980a; Kok et al., 1985; two qualitatively different tasks that are designated primary and
Ruchkin & Sutton. 1983: Ruchkin. Sutton. Kietzman. & Silver. Seécondary tasks. The rationale underlying this approach is that an
1980: Squires et z;1|., 197,.SGunter, ’Jackson,, and Mulde1995 " increase in difficulty or priority of the primary task will lead to a
and Ruchkin et al(1988 suggested that in contrast with slow decrease of resources available for the secondary task. It has
negative waves that reflected difficulty of conceptual operationsSometimes been argued that in single-task conditions like Stern-
positive slow waves reflected difficulty of perceptual operationsPerg tasks, processing capacity is not fully occupied and that
and memory storage. Another suggestion was that slow positivéUbjeCtS can therefore easily “waste” resources on irrelevant stim-
waves are functionally closely related to P3 and represent «conuli. In dual-task situations, this is less likely to occur, because
tinued processing” in situations when perception is made difficult, SPare capacity is fully absorbed by the secondary task. The dual-
as in signal detection or recognition paradigisk & Looren de task studies that also looked at P3 amplitude will be reported
Jong, 1980a; Ruchkin et al., 1980 below (Table 2 summarizes the major findings obtained in two
Note however that the issue of whether slow positive waves arélifferent paradigms, namely difficulty manipulation and priority
a functionally distinct ERP component or represent a “smearednanipulation)
out” and delayed P3 has not yet been definitely settetinson &

Donchin, 1985; Johnson, 1988 Difficulty Manipulations
The studies reported here all have in common that they were
Stimulus-Response Compatibility designed to mimic aspects of real-life dynamic operator environ-

Unfortunately, only a few ERP studies that manipulated stimulus-ments, like flight control. Wickens used a visual tracking task as
response compatibility have reported effects on P3 amplitude. Twthe primary task, in which subjects manipulated a control stick to
versions of stimulus—response compatibility have been used ikeep a randomly moving cursor on the display centered with a
these studies; semantic and spatial incompatibility. Christensenircular target(Wickens, Isreal & Donchin, 1977 Difficulty of
et al. (1996, McCarthy & Donchin, 1981, Magliero et &l1984), the primary task was manipulated by varying the number of di-
and Pfefferbaum et al1986 required subjects to react with the mensions in which the subject was required to track. In the easy
right and left hands when seeing the words LEFT and RIGHT,(one-dimensionalcondition, the cursor moved only to the left and
respectively. They reported significantly longer P3 latencies andight on a horizontal axis. In the difficultwo-dimensional con-
reaction times, and smaller P3s to incompatible than compatiblelition the cursor could move in any direction on the screen.
words for latency adjusted single trial P3s. Ragot and Fi@94), P3 amplitude was measured in an auditory oddball task in
who used the same type of paradigm, reported slower reactionsyhich subjects counted the deviant stimuli, which served as the
but larger and later P3s to incompatible than compatible stimulisecondary task. Although the P3 in the secondary task decreased in
The enlarged P3 was ascribed to the higher meaningfulness of themplitude in the dual task relative to the single task oddball P3, it
incompatible stimuli. Note, however, that they found two succes-did not show a further amplitude decrease when difficulty of the
sive P3 peaks, and that the compatibility effect was only presenprimary task increased. Note that the latter effect could have
for the secondlate) P3 peak. Thus, the prolongation of P3 latency simply reflected “costs of concurrence,” and is therefore difficult
to incompatible stimuli could also have been an apparent latencto relate to specific processing demands of the primary (hisk-
shift caused by the amplitude increase of the second P3 componemian & Bobrow, 1975 A subsequent study by Isreal, Chesney

In two earlier studies by Rag6Ragot, 1984; Ragot & Renault et al.(1980 also failed to find an effect of primary task difficulty
1981), no effects of spatial incompatibilityi.e., requiring leff on P3 amplitude in a secondary task. They used the one-dimensional
right hand reactions to visual stimuli presented at right and leftversion of the same compensatory tracking task, but varied the
locations on the screen, respectivedyn P3 amplitude were found, bandwidth of the forcing function, that is, the equation that con-
and incompatible stimuli elicited slower reactions and longer P3trols the velocity and frequency of directional reversals of the

latencies than compatible stimuli. movement of the cursor on the screen.
In contrast to P3 amplitude that seemed to be insensitive to
Response Complexity demands on resources induced by the primary task manipulations,

To my knowledge, only two studies have varied response comboth these studies found that reaction times in the oddball tasks
plexity and also described the effects of this manipulation on P3ncreased systematically with an increase in tracking difficulty. A
amplitude. In the two compatibility studies mentioned earlier, similar pattern of results later was found by Kramer and Strayer
Ragot and Renau(fil981) and Ragot1984 asked subjects to react (1988, who also reported a performance trade-off in the absence
to the stimuli in conditions when hands were either crossed oof a trade-off in P3 amplitude in a study in which a step-tracking
uncrossed. Although this manipulation significantly increased retask was paired with a memory search task.
action time, no effects were found on either the latency or ampli- Three other visual tracking studies, however, did report a graded
tude of P3. Finally, Smulders et 41995 compared P3s to letter effect of primary task difficulty on the amplitude of P3 in the
stimuli in a simple button-press response conditi@sponse with  secondary oddball task. Isreal, Wickens, et(a4B80 varied the
index finge) with a more complex sequential finger response difficulty of a primary task by instructing the subject to monitor
condition(three fingers beginning with the index fingeAlthough either four or eight display elements and to detect a change in
only effects of response complexity on reaction time and latency ofourse of the target by pressing a button. The authors concluded
P3 were submitted to statistical analysis, visual inspection of theithat the P3 decrement could not have resulted from greater latency
P3 waveformgtheir Figure 2 suggests that for response-locked jitter, because the decrease in amplitude was also observed in
ERPs, trials with complex movements elicited somewhat smallesingle-trial P3s. In a subsequent study by Kramer, Wickens &
P3s than trials with simple movements. Donchin (1983, subjects covertly counted either auditory probes
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Table 2. Summary of P3 Amplitude Findings in Dual-Task Studies

Task manipulations Relevant studies Major results

Difficulty manipulation (P3 measured
only in secondary tagk

Number of tracking dimensions in primary Wickens et al., 1977 No effect of tracking difficulty on P3 amplitude in
task (one- versus two-dimensional tracking secondary taskcovert counting auditory targets
of constant moving curspr
Bandwidth of forcing function Isreal, Chesney, et al., 1980 Same result as above
(one-dimensional tracking
Tracking course change of four versus Isreal, Wickens, et al., 1980 Decrease P3 amplitude in secondary task
eight display elements (button press to auditory targets

with greater difficulty of tracking
System ordeffirst- versus Kramer et al., 1983 Decrease P3 amplitude in secondary task
second-order dynamigs
Number of tracking dimensions No decrease of P3 amplitude in secondary
(acquisition versus alignment phase task (covert counting deviant visual probes

embedded in primary task or auditory propes
with greater difficulty of tracking

Simulated flight scenarigeasy versus Kramer et al., 1987 Decrease P3 amplitude in secondary task
difficult mission) (button press to auditory targets
with greater difficulty of tracking
Primary task: system order Kramer & Strayer, 1988 No effect of tracking difficulty on
(step tracking P3 amplitude in visual secondaf$ternbergy task

Difficulty manipulation (P3 measured in
both secondary and primary task

Primary task: step trackinfirst order Wickens et al., 1983 Increase amplitude of P3 to step changes
predictable, first order unpredictable, in primary task and decrease P3 amplitude
second order unpredictable in secondary taskcovert counting

auditory targetswith increasing difficulty
of primary task

Primary task: one- versus two-dimensional Sirevaag et al., 1989 Same result as above
tracking of stepwise moving cursor

Primary task: system ordévelocity versus Same result as above
acceleration condition

Priority manipulation(P3 measured in both

secondary and primary tagks

100/0, 90/10, 5¢/50, 10’90, and ¢100
percentage attention between tasks

Task 1: dot detection, task-2: visual Hoffman et al., 1985 Linear trade-off for P3,
memory searciCM condition Large P3s to CM stimuli
Task 1: recognition running-memofdigits), Strayer & Kramer, 1990 Linear trade-off for P3 amplitude
task 2: Sternberg tasicCM and VM conditions, (but only in VM condition of task 2
set size 1 and 4 Large P3s to CM stimuli

or visual probes that were embedded in the primary task. Difficultylatter three studies, was taken by the authors as strong support for
of the primary task, in which subjects controlled the position of thethe diagnosticity of P3, that is, that its amplitude is mainly sensi-
cursor with a control stick, was manipulated by varying both thetive to processing demands when these demands are perceptual-
number of dimensions to be controlled and the system order. Theentral in nature. The difficulty manipulation in the first three
easy condition was a pure first-order system and the difficultstudies was interpreted as demanding response-related resources,
condition was a linear combination of first- and second-orderwhereas in the last three studies it was assumed to demand pri-
dynamics. Only system order affected the amplitude of P3 for botmarily perceptual-central resourcésee also Donchin, 1981;
auditory and visual target stimuli. In the third studiramer, Donchin, Kramer, et al., 1986; Kramer & Spinks, 1991
Sirevaag, & Braune, 198ifficulty of the primary task, which
consisted of a simulated flight scenario, was manipulated by vary- Resource Reciprocity
ing various conditions of the flight task. In the secondary task, In the performance domain, dual-task studies have frequently
subjects pressed a button to deviant tones in an oddball task. demonstrated the phenomenon of trade-offs: Performance in a
These contrasting sets of results, that is, the fact that primargecondary task deteriorates as the difficulty of the primary task
task difficulty failed to influence secondary task P3 amplitude inincreases. Inspired by these findings, ERP researchers have argued
the first three studies, but clearly did affect P3 amplitude in thethat if P3 in the secondary task reflects the amount of resources
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that is available for the secondary task, then P3s elicited by the
perceptual-central respanse

primary task stimuli should show a concurrent increase in ampli- RESOURCES
tude with an increase in difficulty of this tagkee Figure B This

reciprocal relationship between amplitudes of P3s elicited by stim-

uli in both primary and secondary tasks was first demonstrated ir

a study by Wickens et al1983. This study used a discrete version '

of the tracki_ng task that enabled measu_rirlg P3 amplituc_zle tq targel PROCESSES .r.’— '-%—
embedded in the primary task. Task difficulty was varied in two

different ways, by varyindga) predictability of stepwise displace- TASK A TASK B

ments of the target, an@) first- versus second-order control, that
is, the directness of the relationship between the movement o ERP

i i - MANIFESTATION | P3 primary task | | P3 secondary lask |
joystick and the movement of the cursor. For both primary task{mpmudemaﬁon)

manipulations, an increase of difficulty resulted in an enhancemen \ reciprocal /

of P3 elicited by the primary task, and a concomitant reduction of relationship

P3 in the auditory secondary tagtounting the number of deviant

stimuli in an oddball task An interesting additional finding of this ~ Figure 3. Schematic representation of the way perceptual-central re-
study was that when subjects counted visual probe stimuli tha?ources(represented as a separate pool of resources that are d|ffere_>nt|ated
were embedded in the primary tadke., counting the stepwise rom response-related resourtaffect processing stages and P3 amplitude

. . . - - _in dual-task settings, according to investigators who varied the difficulty of
displacements of the target in the primary task instead of dewanghe primary taskp = perceptual, ¢ central, and F= response processes

auditory stimulj, P3s to the stimuli in the secondary task also pari areas represent the resources and associated processes presumed to be
increased with higher demands of the primary task. specifically involved in P3 generation. Amplitudes of P3 elicited in primary
A reciprocity effect for P3 amplitude was also reported in aand secondary were shown to have a reciprocal relationship
later study by Sirevaag et &1989. In this study, primary task
difficulty was varied in two ways, namely by varyin@ the
number of dimensions to be trackétie target moved in discrete
jumps to random positions in one or two dimensiprs (b) the An important aspect of both studies that demonstrated P3
system order, that is, the movement of the joystick increased oreciprocity was that in the primary task, P3 was always elicited by
decreased the velocity of the cursor or accelerated the movemenbrupt changes in the spatial position of the target stimulus. More-
of the cursor. In the acceleration condition, it was much moreover, these changes were less predictable in the difficult condition
difficult to achieve control over the movement of the cursor thanthan in the easy conditio(Sirevaag et al., 1989; Wickens et al.,
in the velocity condition. Again, secondary task P3 declined, andLl983. This means that the increase in P3 amplitude could have
primary task P3 increased in amplitude as a function of systenmeflected stimulus-based attention shifts caused either by the low
order® In contrast with earlier findings, secondary task P3 alsoprobability or abruptness of target movements. The same factors
varied significantly as a function of the dimensionality of tracking: could have played a role when system order, another task variable
Recall that in the study by Wickens et 61977), dimensionality of ~ that caused enhancement of P3 in the primary task, was manipu-
tracking in the primary task failed to affect P3 amplitude in the lated. In the more difficult second-order control condition, a con-
secondary task. According to Sirevaag et al., these divergent restant movement of the control stick accelerated the cursor’s
sults could be due to the fact that Wickens et al. used a smootmovement, which might have created a visual impression of abrupt-
compensatory tracking task, whereas they used a pursuit stepess or surprise.
tracking task with abrupt movements. In contrast with compensa-
tory tracking, step tracking was considered as a mental operatioRriority Manipulation
that depended more strongly on perceptual-central than responsEarly P3 studies showed that P3 in an oddball task was strongly
related resources. suppressed when the subjects directed their attention to another
task, like reading a booksee the section “Determinants of P3

5Two further observations are relevant here. First, in the Wickens et alAmp“tUd?: some Early Obs.ervatlons and Hypothe}e’ﬁﬁe cen_—

; . . : ' oS tral question of the two studies reported below was if P3 amplitude
(1983 study, the reciprocal relationship between P3 to probe stimuli in the . . .
primary task and th@auditory stimuli in the secondary task was not Would also reflect more graded changes in attention as a function
recorded in the same block of trials, but in separate conditions. Secondf task priority when subjects have to carry out two qualitatively
counting of the stepwise displacement of the target stifigli, the ma-  different tasks simultaneously. In addition, both studies were con-
nipulation that was used to measure the resources demanded by the primag¥rned with the guestion of to what extent P3 to stimuli that are

tracking task was also assigned to the subjects in an additional condition . . . L .
in whicgh theky did not perfogrm the concurriant tracking task. In the Iatter""Utom""t'cally detected is still modulated by priority instructions. In

condition, counted targets produced large P3s. Unfortunately, these P30th studies, P3 amplitude was measured on a single trial basis.
were not measured separately for the different step displacement conditions Hoffman, Houck, MacMillian, Simons, and Oatmafh985
(i.e., the low and high predictability conditionghe latter analysis would  measured P3 to stimuli in a CM memory search task and a dot-

have offered the unique possibility of assessing effects of automatic a“e.rli]etection task. In the search task, subjects received training until
tion capture of the stepwise displacements on P3, and its role as a p055|t1 [3 ’

confound with processing demands of the tracking task. atency of detection of target letters was independent of the size of
6In Sirevaag's study, identification of P3 in the primary task was the memory set. In accordance with results of single-task visual
problematical. Inspection of their grand average ERPs gives the strongearch experiments reported earlier, CM stimuli in the search task

impression that parietal P3 decreased with increasing load of the primarg|icited substantial P3s. Furthermore, POC curves showed a linear

task. However, when ERP waveforms were submitted to principal compo;
nents analysis and factor scores were submitted to statistical analysigr,ade'()f—f between the two tasks for both accuracy of performance

primary task P3 increased both a function of increasing the number ofNd P3 amplitude, suggesting that automatic detection processes
dimensions as well as increasing the control order. still demanded attentional resources. Furthermore, the fact that
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priority manipulations affected performance measures but not P8r divided attention instructions to two streams of rapidly pre-
latency was ascribed to the fact that both tasks also demandesknted stimuli differing in physical characteristi€b) choice re-
resources at the response level, which were not represented in R8tion tasks, which varied the difficulty of processing stages like
amplitude but contributed to production of speeded responses. feature extraction, response choice, and response execution; and

According to models of development of automatic processingc) tasks that varied complex cognitive operations. The results and
the pattern of results obtained by Hoffman et(4985 would be  conclusions of these studies can be briefly summarized as follows.
consistent with “phase 3” processit@§chneider, 1985According (a8) When subjects were required to focus attention entirely on
to Schneider, automaticity is a gradual process that consists afne category of stimuli, only target stimuli presented at the at-
several subsequent phases. In early Phases 1 and 2, controllezhded channel elicited a P3. In these conditions, the high presen-
processes predominate. In Phase 3, automatic processes are ddation rate in combination with the instruction to focus on physical
inant, but still require assistance from controlled processes, and iaspects of the stimuli favored selection on the basis of early
Phase 4, processing has become entirely automatic. selection mechanisms. The /ML complex, which partially over-

A study by Strayer and Kramgl990 investigated to what laps with the early portion of sustained potentials like processing
extent trade-offs in P3 amplitude as a function of priority manip- negativity, seems to reflect primarily percept(sdnsory demands
ulations would differ in automatic and controlled search condi-of early selection processes. In contrast, the target P3s seems to
tions. They varied the priority of a visual sear®ternbergtask  reflect utilization of resources at a later and more central level of
that was carried out together with a recognition running-memoryinformation processing. These P3-related resources are needed to
task, which served as a controlled processing baseline conditiondentify the semantic category of stimuli, and are relatively inde-
The search task had a difficutnemory load 4 and an easy pendent of the output of the early processes. Thus, in a multi-
(memory load 2condition, and was run in two versions: a VM and dimensional framework, these findings suggest that ERP components
CM version. In the VM conditions, both priority and memory load like P1/N1 and P3 reflect demands on separate pools of “percep-
manipulations had large effects on P3 amplitude: POC curvesual” versus “perceptual-central”’ resources, respectivede also
showed almost linear trade-offs between the difficult version of theKok, 1997, Kramer & Spinks, 1991, and Parasuraman, 1990, for
Sternberg task and the running-memory task as a function of tasieviews with similar conclusions
priority, for both detection accurad\’) and P3 amplitude. These (b) When task manipulations were used that affect elementary
results were considered as strong support for the view that perfoprocessing stages, stimuli in the more difficult conditigndich
mance trade-offs can be attributed in part to limited availability of usually also showed prolonged reaction tijnaften elicited smaller
perceptual-central resourée. P3s than stimuli in the easier conditions. These effects were seen

Furthermore, consistent with earlier single- and dual-task find-most clearly in experiments that manipulated the perceptual qual-
ings, substantial P3s were obtained in the practiced CM tasksty of stimuli. These results cannot be ascribed solely to the
suggesting that CM targets still elicited attention, even when subincreased latency variability of single-trial P3s, because they were
jects were instructed to ignore these stimuli. Note that in the CMalso found when authors used a latency adjustment procedure.
condition, subjects had first received extensive practice until theyrrom the set of variables that determine P3 amplitude, information
reached Phase 4 processing, which implies that performance hésss or “equivocation” seems to be the most likely source of P3
become completely independent of both memory-load and taskattenuation in the more difficult perceptual conditions.
sharing instructiongSchneider, 1985 Although in the Sternberg It is unfortunate that the same studies provide only little infor-
task, CM targetdlike the VM target$ elicited the smallest P3s mation concerning effects of demands of processes like response
when this task was completely ignor@atiority 0/100% for Stern-  selection and response production on P3 amplitude, because these
berg and running-memory task, respectiyethese P3s were rel- data could have contributed substantially to further validate the
atively unaffected by priority and memory load manipulations in hypothesis that P3 amplitude is unaffected by response-related
the dual-task conditions. These findings were interpreted as corresources, as has been claimed by so many investigators.
sistent with the obligatory, all-or-none character of the automatic  (c) The global pattern of results from visual and memory search
attention response as described by Shiffrin and Schnéld®ar?). studies indicated that P3 amplitude was inversely related to the

difficulty of controlled search operations. Different factors such as
GENERAL CONCLUSIONS AND DISCUSSION resource reallocation, equivocation, and mutual overlap between
In this section, | shall first recapitulate the major findings of the ERP components could have influenced P3 amplitude in these

preceding review, and then formulate some general conclusioni@sks. Therefore these results prohibit a straightforward interpre-

with regard to the utility of P3 amplitude as a measure of processtation of load effects in terms of processing resources.
ing capacity. The general implication of studies that used more complex

conceptual operations was that stimuli elicited a variety of func-
tionally related slow negativéand sometimes positiyevaves.
With respect to negative waves, two important observations have
Three different types of single-task studies were reviewed in thgyeen madei(a) their amplitudes depend on the difficulty and
section “Single-Task Studies,” namelg) tasks that used focused qyration of complex conceptual operations, ail their scalp
topography seems to be sensitive to the specific type of cognitive
A separate analysis further verified if these trade-off functions indeedOperation that is manipulated in the task. These findings also have
reflected that attentional resources were divided between tasks in a gradé@nportant implications for the interpretation of P3 findings in
manner. Cumulative distributions functio(@DF) on single-trial P3s pro-  visual and memory search studies, because they demonstrate that
duced parallel curves for all priority conditions. This means that theiask conditions that place a substantial load on working memory

distributions of single-trial P3s shifted according to the priority instruc- s o . '
tions. If subjects, however, had switched attention in an all-or-none fashiolr0CESSES elicit a qualitatively different category of ERP compo

between the two tasks across trials, then the CDFs would have shown 2€Nts that are highly sensitive to the difficulty of these task oper-
mixture of large and small P3s, which was not the case. ations. When these processes and related ERP phenomena occur in

Single Task Studies: Multiple Determinants of P3 Amplitude
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the same time frame as P3, they will likely cause reduction of P3ng of the targets in primary and secondary tagkavie, 1995;
amplitude due to temporal overlap. Lavie & Tsal, 1994.

Dual-Task Studies Utility of P3 Amplitude as an Index of Processing Capacity

Capacity researchers working in the performance domain have

generally assumed that allocation of resources can be controlled in
o different ways, namely by manipulating priority or by varying

ifficulty of two tasks that are carried out concurrentlivickens,

Difficulty Manipulation
A number of dual-task studies that varied the difficulty of the
primary task have reported linear trade-offs between amplitudes o

P33_ellc“|ted in the prlmfary“arjd secondapyldbal) task(e_arller 1984). On the basis of the present review, it is concluded that the
sectl'on DuaI-Tagk StUd'e?s IF IS UOI clear t.o what extent in these sensitivity of P3 amplitude as a measure of processing capacity has
studies Ps ampI'IUdlf variation ;1” the kprlmat:y task_ rel;lected r”e nly been convincingly demonstrated in a restricted number of
Z?flc;?t:fi? :)ritc:/sesriiga grc?rt]?/?)ltjon:alrf/ ts;cggsteseli?(aesgri(c)s n(t:iﬂgtrgng tudies in which capacity allocation was under voluntary control,
attention capture S:timuli with properties that elicit orienting or and the structurgl chara_cter!st_lcs of the téslg., ta_sk complexity,

. C . . perceptual quality of stimulidid not change. Suitable examples
automatic attention shifts are also processed more extensaely are tasks that have manipulated attentional demands by varying the

:ﬁflected n IctJ_ngerTLeqcn%n tltm)e$han ?tlmull that do Tﬁt h?ve bpriority of attention allocated to the primary and secondary tasks
€se properties. Their eliects on performance may therelore uncan-Johnson & Johnson, 1977, 1982; Mangun & Hillyard,

dltfk?cult to dnlsegtangle frf,’m pelr)ﬁorn:ﬁntceﬁdecgrtemke gt; ca};Jsed bh 990; Strayer & Kramer, 199®r by instructing subjects to focus

other more “endogenous variables that atlect task difficulty, SUChy o yiion 1o specific stimulus featurés.g., Hansen & Hillyard,

as task complexity or time pressufgee also Jonides & Yantis, 1983: Naatanen, 1992

1988; Theeuwes, 19.94; Yants, 1996 . Interpretation of effects of task difficulty on P3 amplitude
Note further that in these studies, the nature of the processin

demands could only be inferred post hoc from the pattern of P ithin a resource framework are more problematical. Intuitively,
N onty erred post hoc 1rc P . _anincrease in task difficulty leads to investment of more effort and
results. However, is very difficult to ascertain how the tracking

tasks that were used to mimic real-life operational en 'ronmentShOL"d thus also produce larger P3s. However, task manipulations
. were u nimi ! perati Vi Shat increase task difficulty are often also responsible for changing
permitted a clear separation between perceptual, central, and

res ; .
) ; e task structurgKantowitz, 1987; Navon & Gopher, 1980
sponse processes. For instance, Wickens €197 assumed that ucturd Witz v P B

L ; . . A . .~ These structural factors could interfere with the very processes that
variation of the dimensionality of the direction of tracking primarily yp

. underlie P3 generation, namely the identification of stimulus fea-
tapped resources on the response level. It seems equally plausibje

. . . &lres that determine if the stimulus is a target or belongs to a
however, that these manipulations also involved perceptual-centr%ertain semantic category. In these cases, the stimuli in the more

Processes. Thl.JS’ '.t may be argueq tha}t the empirical ba§|s of the%ﬁ‘\‘ficult conditions will elicit smaller P3s. In other cases, structural
dual-task studies is too weak to justify strong conclusions cons

ing th i itivity of P3 litud ;actors could have been responsible for producing the opposite
cerning the Specilic sensi ity o ampliitude as a measure Oeffect, namely an enhancement of P3 amplitude in the more dif-
perceptual-cognitive resourcésg., Kramer et al., 1987; Sirevaag

' ficult task conditiondi.e., conditions that produced more errors in

et al., 1989; Wickens et al., 1983 performancg A suitable example is the epnhancement of P3s elic-
ited by abrupt changes of stimuli embedded in the primary tasks in
Priority Manipulation dual-task conditiongthe reciprocity effect reviewed in subsection
Afew studies have also described dual-task trade-offs as a functiofDifficulty Manipulations”). Here, P3 enhancement could very
of priority manipulations in conditions of both controlled visual well have resulted from certain salient properties of the eliciting
search and automatic detection. The general pattern of results sfimulus and not by increased internal demands of the primary
these studies suggests that P3 amplitude reflects demands ontask.
finite supply of attentional resources that are divided in a graded With respect to the specificity, or diagnosticity, of P3, it is
fashion between the tasks. However, in interpreting these resultgoncluded that the complex structure of the tasks that were used in
we are confronted with the same problem encountered in singlemany studies prohibits a straightforward interpretation of P3 re-
task memory search studies. The complex structure of the memorsults in terms of underlying processes and related resources. An-
search tasks that served as primary tasks prohibits a clear insigbther problematic factor relates to the complex nature of P3 itself.
into the specific locus of the effect of these attentional manipulaP3 is probably not a unitary phenomenon, but represents a complex
tions on P3 amplitude, in terms of processes like encoding, memwaveform that comprises several functionally distinct and mutu-
ory search, and target identification. Thus, the only conclusion thagélly overlapping subcomponents. In the present review, we have
seems justified with regard to these studies is that P3 amplitudeeen that, in particular, overlap between P3 and sustained negative
variation reflected the aggregate demands of both memory searchiaves could lead to considerable distortion of P3 in task condi-
and the target identification processes. tions in which these waves are active in the same time frame as P3.

An important additional finding of the same studies was thatOverlap between P3 and slow negative potentials also prohibits a
large P3s were elicited in conditions that favored automatic detecsharp functional separation between subprocesses in the perceptual-
tion of targets. This provides further support for the view that P3central domain, on the basis of ERP components. Other potential
amplitude and its related resources can also be driven by externaburces of overlap could be phasic components that are active in
events that capture attention, even when the subject is instructed the same period in which P3 is active. For instance, some studies
ignore these events. Note, however, that in contrast to focusebave suggested that the P3 complex may contain several subcom-
attention studies that used high presentation rates, the latter effegi®nents that reflect not only processes in the perceptual and central
were obtained in experiments that used relatively slow presentadomain, but also response-related processes like response selection
tion rates of stimuli, which could have favored “parallel” process- (e.g., Falkenstein et al., 1994, 1995
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P3 and Event Categorization: Interaction of Neural Systems Event categorization involves both perceptual and central pro-

for Attention and Memory cesses, as the meaning of a stimulus or category of stifui,

Figure 4 presents a model of P3 amplitude that further specifies itsIts a target’ or “it's not a targetj can only be established after
ome contact between the perceptual system and the memory

role with respect to capacity allocation. It must be emphasized thazystem has taken place. Prior studies have also referred to this

it is not the intention to present a new model to be added to the . i .
already crowded set of theories of P3. The present model is highl rocessing stage as a response Basadbent, 197)lor a stimulus
‘ Tdentification(Sanders, 1990; van der Molen, Bashore, Halliday, &

eclectic and should be seen as an attempt to integrate the maj . .
. . . LA allaway, 1991 mechanism. In contrast to the stimulus set or early
(and sometimes paradoxi¢axperimental findings that were re- _ : - ) - S
filter mechanism that is tuned to physical characteristics of stimuli,

viewed in the present paper. Note also that the model mainly . . ) :

. B A i a response set may be described in terms of a filter that is tuned to

applies to the “target P3” or “P3b” component that was the focus o S :

- o . ... memory-dependent characteristics of stimuli, such as the semantic

of the present review. It further specifies some important distinc-, .

. . . . features of a chosen target stimulus.
tions made in the present article with respect(dpfactors that

. ) . » . There are many studies suggesting that the scalp-recorded P3 in
determine capacity allocation aib) neurocognitive mechanisms . ) } .
. . . . humans is generated in networks that comprise temporal-parietal
like attention and working memory that are responsible for the

L2 : .. neocortical areas as well as higher limbic structures such as the

control of event categorization processes. | shall briefly recapitu- S . . .
anterior cingulate. This evidence comes from various sources, such

late the central elements of the model. : : . . ;

as lesion and intracranial studig@dallgren et al., 1980; Hallgren

et al.,, 1995; Hallgren, Marinkovic, & Chauvel, 1998; Johnson

Event Categorization : .
. . . . 1989a,b; Knight, 1998; Knight & Grabowecky, 1995; Verleger,
The core element in the model is the assumption that P3 amp"tUdﬁeide, Butt, & Kompf, 1994 functional neuroimaging studies

reflects attgnt!qnal capacity invested in cat.ego.rlz.atlon of task rel(McCarthy, Luby, Gore, & Goldman-Rakic, 1997: Menon, Ford,
evant(or significan} events. Event categorizatigim the above . — .
) . . im, Glover, & Pfefferbaum, 1997; Opitz, Mecklinger, von Cra-
sensgis conceived of as a process that leads to the decision tha } .
; . B mon, & Kruggel, 1999; Stevens, Skudlarski, Gatenby, & Gore,

the external stimulus matchésr does not matghwith an internal ) .

. - A : 2000, and studies using the scalp recorded magneto-encephalogram
representation of a specific event or category of stimuli. A suitable . ;

S Rogers et al., 1991; Mecklinger et al., 199Bowever, the ques-

example of such a category are target stimuli. Note that althoug

egetmacnexlct ager 3t nonrgemsmacnesat (7O 10V £V Cacgerialor e oo et e evert o
equal levels of probabilitf Duncan-Johnson & Donchin, 1977; 9 P

Looren de Jong et al., 1988; Lorist et al., 1994; van der Stelt et al still remains to be answere@ee also Linden et al., 198Desi-

1998, nontarget stimuli will often also elicit substantial P3s. r‘none_, Miller, and Chelgzz(|1994) mao!e an interesting attempt to .
describe the computational properties of such a mechanism in

order to account for findings of visual recognition studies in
monkeys. They proposed that cell assemblies in inferior-temporal
(IT) cortex function like an adaptive filter that causes progressive

Stimulus. Task relevance R . o .
probabilty | jor emphasis Task difficulty focusing or narrowing of activity in IT cells after a stimulus has
< -~ T hiah diff become familiar. Top down mechanisms are able to bias the filter
novelty ~ — - ‘high difficulty . A
saliency etc. = may cause lass of information (e.g., through pathways from prefrontal conteresulting in en-
- LN [weaker perceptual or . .
memory representations) hanced focusing of target features. Such a mechanism could un-
Working memory o o o derlie both the novelty P@vhich habituateg after repeated stimulus
erease + o target presentationbut also the target P3 that is generated after events
activation have become completely familiar. Following the same reasoning,

I ; I -
) Kok (1997 suggested that a target identification mechanism as
I reflected in P3 can be conceptualized as a set of neural elements or

‘update
EEERETR) “recognition units” that form a neural network. The primary func-
- tion of the network is to compare stimulus attributes with an
‘

internal representation of the target.

Attention
P3 Slow wave The strength of activation of event categorization recognition

ampltude actwity networks depends not only on the closeness of the match between
Figure 4. A simplified diagram describing the major determinants of P3 features of the stimulus and the representation of the target, but
amplitude (white boxe$, the underlying mechanismslark boxey and also on the amount of attention that is paid to the stimulus. In
their effects on the event categorization process. Event categorization BXperimental settings, this is usually achieved by means of manip-
conceived of as a process that involves a comparison between the externalation of relative emphasis of a stimulus or task. For instance,
stimulus and an internal representation, and that is elicited by target as welyhen a subject is selectively tuned to certain target features in a
as nontargetor even novelstimuli. Low probability(or high saliency and  focysed-attention task or searches for a particular familiar object
novelty) of events and task relevan¢ieft) are assumed to increase acti- such as a target in a visual display, attentional mechanisms may
vation of neural assemblies associated with event categorization, thug, - ~ois in cortical association areas that code target character-
leading to larger P3s. Conversely, task difficultyght) is assumed to .. . . o
counteract this process, leading to smaller P3s. It is further assumed th!ﬁt'cs (LaBerge, _1995 This may resqlt in enhanced acm{atlon of
slow wave activity is associated with a variety of working memory pro- neural assembllesl when f'i. targgt is presented, that .'S’ Wher] a
cessege.g. encoding, update, searthat are under executive control and complete match with the critical stimulus occurs. According to this

that run in parallel or precede event categorization. See text for furtheView, nontargets can also produce substantial P3s, as long as these
explication. stimuli receive attention and have not been filtered out on the basis
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of their sensory characteristigéike irrelevant stimuli in high-  tion of anatomical data derived from neuroimaging techniques and
speed focused-attention tagks time-course data derived for ERPs. This approach will perhaps
Figure 4 further indicates that low probability stimuli may also allow a more precise identification of the brain systems and net-
gain access to attentional and event categorization mechanismsorks underlying complex recognition processes and their contri-
Suitable examples are meaningful or low probability events thabution to generation of P3.
are presented at unattended “channels” in focused attention tasks.
These “irrelevant” stimuli may still elicit substantial P3s becauseTask Difficulty
they (a) capture attention automatically arit) partially match A task can be made more difficult by limiting the quality of
with the internal representation of the target. Similar attention angerceptual data or by increasing the informational load on internal
P3 effects may be elicited by novel, highly distinctive or salient (working memory operations. A greater load on working memory
stimuli. For instance, novel events often elicit both a frontal com-is usually achieved by increasing the complexity of task operations
ponent(“novelty P3") and a posterior component. The posterior (e.g., number of items held in memory or presented on the display
component has the same topographical distribution as tlib) P3 or the complexity of arithmetical operations; see also footnote 3
(Spencer et al., 199%nd could reflect activation of the same Task difficulty (or its subjective derivate, equivocatjos another
neural assemblies that are activated by task-relevant events suchiagportant determinant of P3 amplitude. However, this variable is
targets. Another example is P3s elicited by CM targets in lowassumed to counteract the facilitatory effect of task relevéoce
priority memory search tasksee subsection “Priority Manipula- emphasison the event-categorization process. As argued earlier,
tion”). These P3s are more likely to occur when processing load ishis is because task difficulty is assumed to transform the structure
low and there remains sufficient spare capacity to be captured bgr actual content of the flow of information in the processing
the eliciting event. Thus, both active focusing of attention andsystems, thereby interfering with the event-categorization process,
passive orienting may increase activation of cell populations aswhereas attention is assumed to modulatg., enhance or atten-

sociated with categorization of events. uate the information flow.
How does greater task difficulty interfere with categorization of
Working Memory task relevant events? One possibility is that target stimuli that are

Working memory is another important mechanism that is involvedperceptually degraded or that are presented in high-load conditions
in the generation of P3. It is considered as a state of the processingill produce weaker matches with recognition units, and hence
system that is controlled by attention. Attention also depends omsmaller P3s. For instance, in visual search tasks, an increase in
working memory. This is because the maintenance of active attermmemory or display load will also produce an increase in the
tional preparation of a perceptual event or some form of actiomumber of mismatches, that is, the number of stimuli belonging
requires that the representation of the target is stored for some timgther to the memory set or display set that do not match with the
in working memory. critical stimulus. Another possibility is that difficult tasks often
The present review contained many examples of tasks in whicleontain task elements that deplete attention or resources allocated
identification of the target depended on sustained processes suchtasperceptual eventsee Figure 2 for a specific example
expectations, memory search, mental rotation, or more complex The model of Figure 4 finally also incorporates the possibility
conceptual and semantic operations. An assumption of the modéhat an increase in task difficulty can restrict the capacity available
presented in Figure 4 is that, although the generation of P3 dependsr additional task operations or stimuee the dotted line be-
on these processes, P3 amplitude itself reflects a more discreteeen Task difficulty and Attention This option is included to
(all-or-none process, namely categorization of eve(etg., target accommodate findings from dual-task experiments that reported a
nontarget, infrequerifrequenj that may be seen as the outcome of graded effect of primary task difficulty on the amplitude of P3 in
these sustained processes. It is further proposed that the hightre secondary oddball tagksreal, Chesney, et al., 1980; Isreal,
order or “executive” mechanisms that control typical working Wickens, et al., 1980; see also subsection “Difficulty Manipula-
memory operationgexpectations, memory search, gctivate a  tions”). An important feature of these experiments is that the
neural system different from that involved in simple sensory dis-structure of the secondary task in which the eliciting stimuli were
crimination or event categorization. This neural system probablyembedded did not change with increasing difficulty of the primary
recruits a widely distributed network with reciprocal connectionstask. Thus, the smaller P3 amplitude in these tasks could have
between prefrontal and posterior association afeas, Goldman-  resulted from a true reduction of attentional resources and not from
Rakic, 1988; Cavada & Goldman-Rakic, 1989; LaBerge, 1995 structural factors like information los®@r equivocation in the
The maintained activity of this system may help to solidify mem- recognition units.
ory traces or serve as a visual “sketchpad” or verbal “rehearsal
loop” for comparing external stimuli with internal representations Other Proposals
(Baddeley, 1986, 1992; Posner & Peterson, 1989; Posner & Ra-
ichle, 1994. This activity is assumed to be primarily reflected in The present conceptualization of P3 has much in common with
negative slow wave activitysee also Rosler et al., 1993, 1997 proposals that have linked P3 with “template matchiiGhao,
Figure 4 further suggests that these more sustained executigielsen-Bohiman, & Knight, 1995; Ford, 1978; Squires, Hillyard,
processes may either precede or operate in parallel with the evet Lindsay, 1973. When subjects are preset to detect a certain
categorization process. Thus, a potential problem in testing thisarget stimulus, they develop a neural representation or template of
model is that, although complex internal processes like memoryhe stimulus. The closer the match between incoming information
search may be functionally separated from their end product, thadnd the template, the larger the amplitude of P3. This hypothesis
is, categorization of a relevant event, these processes and congeceives support from a number of studies that have demonstrated
quently also their ERP manifestations may often overlap in timethat P3(or P3-like wavesare sensitive for the relative familiarity
Future studies should therefore also pay attention to other tectef words (Rugg & Doyle, 1992; Smith & Hallgren, 198%r
niques developed in cognitive neuroscience that allow a combinageometrical patterneKok & Looren de Jong, 1980bAdditional
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support comes from signal detection experiments showing that P8ccurred between incoming information and an internal represen-
amplitude increases as a function of the hit rate and rated confitation (Ohman, 1979; Sokolov, 1983These conditions typically
dence in detected stimulKerkhof & Uhlenbroek, 1981; Parasura- elicit a more frontally distributed P3 respong@3a, novelty PB
man & Beatty, 1980; Squires et al., 1973; Sutton, Ruchkin, Munsonthat shifts to a more posterior distribution with event repetition
Kietzman, & Hammer, 1982 These results strengthen our earlier (Courchesne, 1978; Friedman & Simpson, 199%his could re-
assumption that P3 reflects processes that underlie recognitidifect that subjects gradually revise their internal representations
memory (i.e., the awareness that a stimulus belongs or does nowhile they learn to categorize initially novel events.
belong to the category of a certain memorized target ¢évent Another proposal is that P3 is generated during “closure” of a
According to event-categorization and template-matching modperceptual cyclgVerleger, 1988 Closure theory comes in two
els, P3 also embodies working memory processes that are assoairinsically related versions, a neurophysiological version and a
ated with the conscious perception of target events. This is becausmgnitively oriented version. The neurophysiological version was
both event-categorization and mataismatch processes always originally formulated by Desmedtl980 who defined closure as
imply a comparison between an external sensory event and intern&h transient reduction of cerebral neuromodulation pressure that is
representation or template of the event categories. Note, howeveachieved though inhibition of the mesencephalic reticular forma-
that in these models, P3 is considered to be a reflection of the entibn by prefrontal cortex{p. 684. At present, no data are avail-
product of working memory operatiorige., the final event cat- able that confirm this theory. For instance, there is no direct
egorization or matcfmismatch decisionrather than these opera- evidence that P3 is systematically related to electrocortical poten-
tions themselvesge.g., search or maintenance of memory traces tials that occur prior to P3 like the CN¥é.g., Donchin, Tueting,
The involvement of working memory in the generation of P3 wasRitter, Kutas, & Heffley, 1975 There are also no indications that
also suggested in another influential model of P3 namely thehe amplitude or latency of P3 to target stimuli is correlated with
“context-updating” hypothesidonchin, 1981; Donchin & Coles, preceding negative potentials that reflect selective attention to
1988; Donchin & Fabiani, 1991; Donchin, Fabiani, Packer, & specific stimulus feature¢Hansen & Hillyard, 1983; see also
Siddle, 1991; Fabiani, Karis, & Donchin, 198&ccording to this ~ Naatanen, 1990, p. 218
theory, target stimuli are compared with the content of working In its cognitive version, closure has been described in terms of
memory and updated or reorganized as a function of the incomingoststimulus cognitive activities that lead to the decision that a
information. Updating of representations in working memory is signal belongs to a task-relevant categdesmedt, 1980 p. 684;
further assumed to be an important mechanism underlying converleger, 1988 The latter definition seems to have much in
solidation of new information and the facilitation of subsequentcommon with our description of event categorization processes
recall (Fabiani, Karis, & Donchin, 1990 However, to date no and how they relate to P3. Similar to the event categorization
strong empirical evidence has been presented to support the viemodel presented in Figure 4, Verleger’s model predicts that P3
that modulation of P3 amplitude by stimulus events indexes strengthmplitude ig@) positively related to the closeness of the match and
of encoding or consolidation, or has some causal relationship tamount of attention invested in processing of stimuli, gbyl
subsequent memory performan@ee Rugg, 1995, and Verleger, negatively related to task difficulty.
1997, for reviews dealing with this and related P3 models; and An advantage of the event categorization model as presented in
Sanders & Collet, 1988 this article is that it is free from the neurophysiological constraints
Thus, according to the model presented in Figure 4, updating ofmposed by closure and gives us more specific clues to what the
memory traces is not essential for the generation of P3. A contexsystem underlying generation of P3 is “doing.” An additional
updating mechanism as described by Donctidonchin, 1981; feature of the model that is lacking in other theoretical proposals is
Donchin & Coles, 1988; Fabiani et al., 198fuld, however, play that it specifies in more operational terms the specific interactions
a role during involuntary orienting to novel stimuli, in which a that could occur between attention and memory functions, and how
revision of a neuronal model is required after a mismatch haghey are expressed in ERP components like P3 and slow wave.
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