Journal o‘fﬁxpcrk%‘be::f E’syl:tuﬂogy
Leweing, Mooy, Ll
¥, %sei, 27, No, 3, 817835

- Mt?ﬂaﬁt‘ W Payshologieal A tuthor, Tac.
ULIE-TASROUES00  POR 10 IRATRTE-TISIT AN

Working Memory and Focal Attention

Brian McElree
New York University

Measures of retrieval speed indicated that only 2 siall subset of representations in working rermory falle
wighin the focos of atention. An a-back task, which required tacking an item 1, 2, er I hack in 2
sequensially presemed Hat, was used to ¢xarmine the representation and retrieval of recent everts and how
control processes can be nsed to maintain an item in focal attention while concurrently processing new
information. A speed-accurscy trade-off procedure was osed 10 derive measures of the availability and
the speed with which recent events can be accessed. Resulty converge with other sime course studies in
demonstrating that attention can be concurrently aliocated only to a small number of memoty represen-
tations, perhaps just 1 #em. Measures of remieval speed further dernonstrate that onder information is
retrieved by a slow search process when az item is not maintained within focad attention.

Many core operations in complex cogritive tasks depend on the
by-products of recent perceptual and cogmitive processing. In
language comprehension, for example, a reader/listener is fre-
quently required to resolve long-distance dependencies in which a
constituent assigns a grammatical and semantic role to a represen-
tation of a phrase processed at a much earlier point in the sentence
(e.g-, McElree, 2000). Similarly, subgoals in reasoning and prob-
lemn solving often require access to the products of operations
apphied in earlier subgoeals {e.p.. Anderson, 1983}

The amount of information that can be processed at one time i3
Hnited, and, in many cases, it is unlikely that all the relevant
by-products of recent proscessing can be actively maimained in the
focus of attention, Whenever information exceeds the span of
attention, successful execution of a cogpitive operation requirgs
shunting informadon between memory and focal attention. The
span of attention pleces constraints on possible cognitive opera-
tions and the manner in which various mental computations must
be performed. Determining the capacity of focal attention and how
focal attention interfaces with different memory systems is an
essential part of understanding complex cogmitive tasks.

The experiments reported here use the n-back task (Awh et al,,
1996, Cohen et al,, 1994, 1997, Dobbs & Rule, 1989, Sce & Ryan,
1995: Smith & lonides, 1997) to examine how much information
can be maintained in focal attention while concurrently processing
naw information. Additionally, the task was used to examine the
closely related issue of how information is shanted between mem-
ory and focal attention when agtentional capacity is exceeded, The
n-back task requires judging whether an item matches the nth-item
back {e.g., 1-back, 2-back, 3-back} in a sequentially presented Hst
of items. B challenges individnals to maintain the #-back item in
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focal attention while conciurrently processitg new items. Substan-
tial demands are placed on contro! (executive) processes, hecause
the response set must be consinually updated as new items are
encountered. For example, when a new item is presented, the
former n-back item changes from a turget to a distractor, the item
that was formerly ® — 1 back becomes the relevant target, and all
iterss less than a-back must be marked as fiutore targets. The
paradigm is a useful one for studying the interaction of various
control memory processes (Smith & Jonides, 19973, because it
implements many of the demands placed on cognitive functions in
circumstances in which information must remain focused across
what is sometimes interfering but, at other times, relevant new
imformation {e.g., McEiree, 2000; McElree & Griffith, 1998).

A response-signal speed-accuracy trade-off (SAT) procedure
wis used 10 measure jointly the accuracy and the temporat dynam-
ics of m-back judgments. Model fits of the time course data from
Experiment 1 suggest that n-back judgments are accomplished by
matching the test item to itt representation in focal attention of, in
cases in which the n-back item was not specessfully maintained in
focal attentior, by using retrieval operations to reconsiruct the
linear order of recent events, The time course profiles indicuse that
the reconstruction of temporal onder requires a relatively siow
searck of memory, similar to what has been found in tasks that
require explicit order judgments (Gronlund, Edwards, & Ohrt,
1997; McEree & Dosher, 1993), Expenment 2, which required
judging whether an itermn matched any item zp to and includiag
3-back, suggests that three itemns conld not be effectively main-
tained in focal attention. This result parallels findings from several
time course studies of recognition tasks, outlined later. Coliec-
tively, these resulis indicate that focal attention has 2 much smatier
capacity tiian has typically been assumed (e.g., Cowan, in press)
perbaps being restricted to one fem only.

Focal Attention

What is the relationship between focal attention and vanious
propased memory systems? A classic view arguees for two distnct
representational sietes, one of which is associated with focal at-
tention or awareness and the other with passive mermory represes-
tations outside of focal attention. James {1890} subscnbed to this
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view, arguing that primary mernory should be equated with con-
seious awareness and is distinct from secondary memory, which is
the repository of passive memery representations. Curyent ap-
proaches typically assume a fripamite functional archidtecture: a
fong-term memory (LTM) system consisting of all passive mem-
ory representations, a working memory (WM) system consisting of
a smiadl set of currently active representations, and a smaller set of
representations that are the current focus of atteption. WM is
thought to be a IHmited-capacity system that ecnables a2 small
nureber of items outside of focal attention to be maintained in a
more accessible state than LTM represenations, either because
they are maintained in specialized storage stractures (e.g., Badde-
ley, 1986, Baddeley & Hitch, 1974; Schneider & Detweiler, 1988;
Shallice & Yailar, 1990) or simply because they have residual
activation from recent processing (e.g., Anderson, 1983; Conway
& Engle, 1994; Cowan, 1995, in press; Engle, 1996; Fricsson &
Pennington, 1993

Several indirect lines of evidence have been used to motivate 2
teipattite architecture (Cowan, 1995; Naime, 1996). However,
McEirce (1998; see also McEiree & Dosher, 1989, in press;
Wickeigren, Corbett, & Dosher, 1980} argued that measures of
retrieval speed provide the most direct evidence for distinct rep-
resentational states. Although by happenstance different represen-
tational states may be equally accessible, 2 patural prediction of
tripartite architecture is that three distinct retrieval speeds should
be observed. Information in focal attention should exhibit privi-
leged acoess. Loss recent represeatations—those that are beyond
the capacity of focal attention but still within the span of WM-—
should be accessed slower than items within the focus of attention
but faster than L'TM representations in a passive state.

Measuring Access Speed

In principle, differences in the speed of accessing representa-
tinns will be reflected in measures of reaction time (RT) derived
from standard paradigms like the probe recognition task (e.g.,
Sternberg, 1966, 1975). Unfortunately, RT is aiso determined by
the strength (or probability of access) of a memory representation
{e.g., Dosher, 1976, 1981; McElree & Dosher, 1989; Ratcliff,
E978; Murdock, 1971; Wickeigren et al,, 1980; Wickelgren, 1977},
Memory strength affects the degree of match betwesn a test probe
and s memory representation, and differences int degree or quality
of the match can engender differences in RT withowt affecting the
underlying speed of retrieval. For exampie, Ratchiff’s (1978; Rat-
chff, Van Zand:, & McKoon, 1999) diffusion model of memory
retrieval proposes that memary strength determines the resonance
between the test probe and s repregentation in memory. Reso-
rance, in turn, controls the amount of information retrieved, A test
probe with a high resonance value will exceed a response criterion
before a test probe with a lower resonance value, thereby engen-
dering faster RTs, even if both items are associated with the same
rate of information accrual.

It is 2 near truism that memories will vary in strength or the
probabiiity of access depending on their time of acquisition
{among others factors). Moreover, empirically derived forgetting
functions show that loss of memory strenpgth is particufarly dm-
matic across carly retention phases, phases that correspond to the
standard assumption concerning the break among focal attention,
WM, and L'TM {e.g., Dosher & Ma, 1998, McBride & Dosher,

1907, 1999; Rubin & Wenzel, 1996; Rubin, Hinton, & Wenzel, in
press; Wickelgren, 1972). Consequently, access ar retrieval speed
can be used to differentiate representational states onty if it can be
measured independently of potentially covarying differences i
memory strength.

The standard solution to this problem is to derive a full time
course function that describes how acciacy varies with retrieval
time (Wickelgren, 1977). The response-signal SAT procedure de-
rives such fanctions by cuing individuais to respond at several
timeas after the onset of the recognition probe. The full time course
of retrieval can be recovered with a suitabie range of cuing times
{e.g., 0.1-3 s), providing measures of when information first
becomes available {an intercept), the rate at which information
accrues over retrieval time, and the reaxirmem or asymptotic level
of performance. The SAT asymptote is a measure of the overall
probability of retrieval and provides an estitnate of uaderlying
memory strength, The speed of retrieval is measused jointly by
when information first becomes available and the rate at which it
grows to asymptote. Information that is in a more accessible state
will be associated with an earlier intercept or faster rate, imespec-
tive of differences in asymptote (e.g., Posher, 1976, 1981; Hintz-
man & Caulton, 1997; Hirtzman, Caulton, & Levitin, 1998; Hintz-
man & Cyrran, 1994; McEhee & Dosher, 1989, 1993; McElree &
Griffith, 1995, Rateliff, 1978: Reed, 1973, 1976; Wickelgren,
1977

Retrieval in Subspan and Supraspan Lists

Wickelgren, Corbett, and Bosher {1980) used ary SAT variant of
a single-item probe recognition task (e.g., Sternberg, 1966, 197%)
1o examme fime course profiles for various serial positions within
tists of 16 sequentially presented consonants. SAT retricval funce
tions were derived for Serial Positions 16 {(the last item on the
list), 15, and 14 and for the averages of Serial Positions 13 to 11,
1G to 6, and § to 3, providing three time course profiles for what
most researchers would congsider to be subspan items (Fositions 16,
15, and 14} and three time course profiles for supraspan items
(Positions 13-11, §0-6, 53), Their data demonstrated that as-
ymptotic acenracy decreased monotonically with the decreasing
recency of the tested item, indicating that memory strength sys.
temnatically declines as time or activity is interpolated between
study and test. Crucially, however, retrieval speed {(SAT intercept
and rate} was constant across all serdal positions except the last,
most recently studied position (Serial Position 16), Retricval speed
for the last item processed was 50% faster than all other itoms.

Wickelgren et al. (1980) arpued that the most recent itern (Serial
Posidon 16) remained active in awareness when no activity inter-
vened between study and tost. As a consequence, the recognition
probe could be compared directly with the contenes of focal
attention. This engendered a form of privileged access, because,
unlike fess recent items, no retrieval process was needed to restore
the itern to & state in which #t was amenable to ongoing cognitive
operations.

Figure 1 schematically summarizes the effect of recency on the
time course of retrieval. The probability of retrieving an itery—a
reflection of the availability of the representation, measured by
SAT asympiote——decreases continuously as more information is
interpolated between study and test, In contrast, accessibility-—ihe
speed of access, measured by SAT intercept and rate—-shows a
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Figure . Schematic illusiration demonsteating how the speed and ace-
racy of retrieval, me 4 by the resp sigual speed-accuracy trade-off
(SAT) procedure, vary with recency. As more time and items are interpo-
iated between study and test, the availability of @ memory representasion
decreases continnously, engendering lower tevels of asymptotic acoumey.
in contrast, retrieval spesd shows a dichoromons pattern: Retrieval speed
{SAT intercept and rate) i3 ¢onstant across all serial positions sxcept the
tast unit processed {recency = 1), which can be accessed 50% faster than
ail other representations,

sharp dichotomous pattern, The last item processed can be ac-
cessed quickly; all other items are accessed more slowly but with
the same retrieval speedt. This pattern motivates a distinction
between attended and nonattended states bt not a further distine.
tion comesponding to what a tripartite architecture posits as the
break between WM and LTM. In short, the temporal dynamics of
retrieval are indicative of two mther than three representational
states,

McElkree and Dosher (1989} found the same dichotomous time
course pattern in lists ranging from three to six words. For all list
sizes, asymptotic accuracy decreased as the recognition probe was
drawn from less recent positions, coupled with a small primacy
effect for the first item on the list. Like Wickelgren ¢t al. (1980},
the retrieval speed for the last item was 44% to 55% faster than
other positions, and there were no differences in reteval spesd
among positions beyond the last.

Additionally, McElree and Dosher (1989) demonstrated that
retrieval from: what is traditionally thought to be WM is mediated
by the same mechanisip as retrieval from LTM. Most viable
models of LTM posit content-addressable or direct-access retrieval
processes (e.g., Gillund & Shiffrin, 1984; Hintzman, 1988; Mur-
dock, 1982, 1997 see Clark & Gronlund, 1996, for a review). The
key feature of such a process is that information can be retrieved
from a set of cues without the need to search through other,
potentiatly irrelevant information. Retrieval from WM has often
been argued io be mediated by a qualitatively different type of
mechanism, Sternberg’s (1966, 1975) classic model of STM re-
trieval, and classes of related retrieval models {e.g., Treisman &
Doctor, 1987 Theios, 1973), proposed that retrieval from a wem-
porary store involves a serial search operation.

McElree and Dosher {1989) tested these specialized retrieval
models by examining whether retrieval speed (SAT intercept and
rate) varied with the size of the presumed WM set (set size) or the
recency (serial position) of the test probe,” Neither set size nor
recency affected retrieval speed. These findings are inconsistent
with search mechanisms in general and with the speciatired mech-
anisms argued to underlie retrieval from WM. Thus, Wickelgren et
al. (1980) demonstrated that there is no break point in rewieval
speed thai corresponds to the traditional sub- and supraspan dis-
tinction, and McElres and Dosher (1989) further demonstrated that
there are no grounds to argue that subspan iteths ate etrieved by
a different mechanism than supracpan items. Both studies indicate
that retrieval is markedly distinct for only the last unit processed
and ame inconsistent with approaches that posit an intermediale
state between focal attention and LTM,

Further Evidence for Focal Attention

Does the privileged access associated with the most receatly
processed item fraly reflect a special state associated with the
focus of auention? Altemaatively, the retrieval advantage may
simply reflect a low-level physical or visual match (Posner, Boies,
Bicheiman, & Taylor, 1969), However, the advantage is not atten-
uated by imposing a pattern mask between study and test, McElree
and Dosher (1989) found the same magnitude of cffect with a
patters mask as the Wickelgzen et ab. {(1980) study, which did not
use a mask. Additionally, McElree and Dosher found that the
advaniage was not altenuated by varying letter case (upper vs.
lower) between stady and test (of. Experiments 1 and 3; see aiso
McElee, 1996, 19983, These resuits suggest that the retrieval
advantage is mediated by an abstract rather thar a low-ievel visual
representation of the most recently processed Hom.

Stronger evidence for an abstract representation comes from an
SAT comparison of recognition based on phonologicsl and serman-
tic cues. McElree (1996) presented five-word lists followed by a
recognition probe that was a word from the Hist, 2 word that
rhymed with a list item, a word that was a syronym of a word on
the fist, or & nonlist word. Individuals were cugd after study to
judge whether the probe was in the mermory set (item judgment),
rhrymed with an item in the memory set (thyme judgment), or was
a synonym of an item in the memory set (synonym judgment). ‘The
SAT retrieval functions exhibited the same pattern as iHustated in
Figure 1. For each type of judgment, recency affected asymptotic
accuracy in a continucus fashion. However, retrieval speed (SAT
intereept and rate) was equal for all serial positions within cach
judgment, except for the most recently studied position, which
showed a large remieval advantage. Synonym ard rhyme jedg-
mems were associated with siower SAT dynamics than item judg-
ments for all serial positions except the fast position. For this

! Specialized retticval models predict that one o the other of these
wariables will affect retrieval dynamics: Sot size is predicted o contral
retrieval speed in serial or paraliel retrieval models that assune exhaustive
processing of the mermory set (e.g., Rateliff, 1978; Stemberg, 1966, {975,
Treteman & Doctor, 1987), whereas recancy {seriai position) is predicted to
contro! metrieval speed in serial models that assume a self-terminating
decision rule (Theios, 1973) or in paraflel models that assume recency-
based differences in processing rate (Murdock, 1971; Townsend & Ashby,
1983; for details, see McElree & Dosher, 1989).
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position, dynarmies were agual across the three judgments. These
data indicate that the representation: that ig responsible for the fast
processing dynamics is sufficiently abstract (o enable phonological
and semantic properties of the test probe to b directly matched
to it.

If the retrieval advantage for the last itern truly reflects those
representations that are in focal attention, then the advantape
should extend beyond the most recent Hem in ciroumstances in
which more thar one iem 18 processed concurrently, Dosher
{1981) reported an advantage for the last pair of items in a
word-word paired-associate recognition task. McElree (1998)
showed that the advantage extends o the last group of items when
task demands induce concurment encoding of more than one item,
Nine-itemm Hsts, consisting of three instances from three categorics,
were presented for study. The words were presented sequentiatly,
blocked by category membership. Like prior studies, asympiotic
accuracy decreased with the recency of the test probe. Here, there
were also bowed serial position effects within categortes, indicat-
ing that individuals were using the category structire 1o eaoode the
list, Again, two retricval speeds were found, but in this case all
three items from the last category were associated with a fast
retrieval speed, and all #ems from the first two categories were
agsociated with 2 second slower rate. This study provides strong
support for the notion that the refrieval advantage stems from
representations in focal attention.

The Capacity of Facal Attention

The findings from time conrse studies that oniy the last unit
processed remains in focal atlention contrasts with recent claims
that the capacity of focal attention is betweer three and four items.
Cowan {in press) reviewed evidence from seversl paradigms that
sggests that there is 2 three- to four-item Hmit or the coding and
reproduction of simaltancously presented tems. Cowan argued
that same limit holds when information is distributed scross time.
However, that evidence is Jess direct ¢éMcElree & Dosher, in
press). The more direct evidence from measures of access speed
indicates that focal attention is able to maintain one tempe-
ratly extended event only. Usually this is the last item processed
{McEiree, 1996, McEkee & Dosher, 1989%; Wickelgren et gl
1980, but i may include more then one nominal Rem if those
items can be simuttaneously coded into a chunk that forms a single
processing epoch (McElree, 1998).

Sustaining and Refocusing Attertion

To date, the observed advantage in processing speed has been
linked to the last unit encountered. Although this is & natuaral
consequence of the fact that new items often elicit active process-
ing, there need not be a direer couapling of focal attention and
recent events. Indeed, one plausible function of an attentional
mechanism is to maintain nonrecent events in an accessible state
for ongoing and subsequent processing. The reported n-back ex-
periments were underizken to explore whether the capacity of
foral attention iz sufficient to enable individaals to maintain one or
more items while concurrently processing new information.

The emphasis on focal attention conirasis with alternative ac-
counts of the n-back task derived from gipartite approaches, spe-
cifically with those that assume that WM includes s femporary

storage buffer (e.g., Baddeley, 1986; Baddeiey & Hitch, 1974;
Shaliice & Vallar, 1990; Smith & Jonides, 1997). These ap-
preaches argue that control processes {e.g., subvocal rehearsal} are
used 10 store the current and future n-back targets in a temporary
buffer. Smith and Jonides (1997, 1999) interpreted the results of
recent brain imaging stodies of the n-back task in this fashion
{Awh et al., 1996; Cohen et al, 1994, 1997). Using functional
magnetic resonance imaging (MR} procedures, Cohen et al
{1997, see also Smith & Jonides, 1997, 1999) reported that the
n-back task produces significant activation of Broea's area (Brod-
mann's area 44) and the dorsolateral prefrontal cortex (Brod-
mann's area 46} Activity in these regions increase with n,
suggesting that demands op contro} processes, including rehearsat
processes {Broca’s ares), increase as less recent items are tracked.
Additionally, the posterior patictal area (Brodmann's area 40)
shows an analogous increase in activetion as » increases, Smith
and Jonides {1997, 1990; see also Awh et al | 1996) suggested that
the (left} posterior parietal area is associated with storage rather
thin control processes. In particular, they argued that it is the locos
of the phonological buffer postulated in Baddeley's {(1986) WM
model. In this construal, increased activation in the posterior
parietal region reflects the neural activity directly associated with
increased storage demands.

The findings from time couarse analysis of item recoguition—
that there is no evidence for a differential rettieval speed for sub-
and supraspan list positions (Wickelgren ot al,, 1980) and that
retrievat does not qualitatively differ for sub- and supraspan lists
(McElree & Dosher, 1989; see also McElree, 1996, 1998)—cast
doubt on interpretations that assume a unique WM buffer. The
view pursued here is that the n-back task is performed by using
rehearsal or other control processes to atiempt 10 maintain the item
in focal attention, If the nth-item back is successfully maintained
in foeal aftention, then it should be immediately available for
matching to the test probe. If subseguent processing usurps the
n-back item from focal attention, then the n-back target must be
retrieved fiom more passive episodic representations.

The reporied experments examine accuracy and processing
speed across 1-, 2-, and 3-back conditions. If the n-back target can
be maintained in focal attention, access speed should be fast and
should not vary across I- o 3-back conditions. f the target cannot
be actively maintained i focal attention, then it must be retrieved
from a more passive memory staie when a judgment is required.
Retrieval requires more time than matching to focal aitention, so
minimatly the time course functions will slow markedly whenever
retrieval is required. Additionally, the n-back tagk requires the
retrieval of termporal order information, because a positive re-
sponse must be given only to an item in a particalar position in the
sequence, Cument evidence indicates that the remieval of item
information is accomplished by a direct-access or contens-
addressablie mechaniam (MeElree & Dosher, 1989), bur temporal
and positional order information is retricved by & slow, search-iike
process {Grontund et al., 1997, McEiree & Dosher, 1993).

For example, McElree and Dosher (1993) used an SAT version
of a judgment of recency {JOR) task to examine the recovery of
order information. Eike 2 probe recognition task, a st of items
was sequentially presented followed immediately by a recognition
probe. The test probes in the JOR task, however, consisted of two
items from the list, and the task was to choose the item that
occurred more recently. Retrieval dynamics for JORs depended on
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the recency of the most recest item in the test pair: Retrieval speed
dramatically siowed as the most recent item in the fest prohe was
drawn from less recent positions. The data reported in MicElree and
osher { 1993) demonstrated thai both the SAT intercepts and SAT
rates were affected by recency, with the most dramatic effects on
the intercept, The intercepts varied as much as 500 ms across a list
of six consonants. The form of dynamics differences implicated 2
serial search process in which the search began from the most
recent pasition and extended backward in time.®

The s-back task doess not require an explicit judgment of e
cency. Nevertheless, restricting responses to a position in the list
implicithy requires 4 determination of order, Temporal dynamics in
the n-back task will be slower if an Hem has 1o be retrieved from
memory rather than matched to focal attention, and they may also
systernatically increase with n if order information is required. The
observed dynamics in any s-back condition may reflect mixtures
of cases in which the test ftem is matched to focal attention and
cases in which a retrieval process is negded to acoess the n-back
ten:.

Experiment }

The frst experiment was designed o examine how retrieval
speed and accuracy vary across i-, 2-, and 3-back conditions. The
standard version of the m-back task uses a continuous recognition
paradigm, in which jndgments are made after each item is pre-
sented. However, this procedure is not optimat for collecting time
course data. In the SAT procedure, individuals are cued to respond
at various tmes afier the onset of a test item, hese at one of seven
times ranging from 43 to 3,000 ms. In a contipuous recognition
paradigm, the different response lags would introduce large dif-
ferences in retention interval (time between study and test) and in
stdy ume for frialy within 2 condition. In the latter case, for
example, judgments would be made on items that varied in pres-
entation times from 43 to 3,000 ms. A modified probe recogrition
paradigm avolds differences in retention interval and study time.
Figure 2 presents a schematic of the procedure. A sequential st of
items was presented on each trial, followed by a dingle test em.
The task demiande inherent in a standard n-back paradigm were
implemented by randomly varying the nember of items in the list
from 6 10 15 leters. The unpredictable fist length challenged
individuals in exactly the same way as a continzous recognition
vanant: Because individuals did not know when the test Hem
would appear, the response set had to be modified as new items
were presented.

The i-back, Z-back, and 3-back conditions were run in separaie
sessions. Blocking ensured that participants could optimally adapt
study strategies to the demands of each target position. Addition-
ally, the mate of presentation of iterns (letters) was decreased with
#; & 460-mafletter rate was used for I-back, a 657-mu/letter rate for
2-tack, and a 900-ms/letter rate for 3-back. The rate was system-
atically slowed to provide more time for control processes in the
more demanding 2- and 3-back conditions. Rates were selected on
the basis of exploratory sessions with two pilot participans. Indi-
viduals reported that these rates provided sufficient time to re-
hearse items up to and including the r-back item, and that slower
tates in fact distupted their ability to integrate rehearsal with the
presentation of new items.
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Figure 2. Sampie trial sequence #usteating the speed—accuracy tade-off
{SAT) variant for the x-back task wsed in Experiment 1.

Method

Participents.  Six students from New York University participated in
nipe 43-min sessions, pins two additional 1-br practice sessions. One
practice session served as training for the SAT procedure and the other as
training in the 1-back, 2-back, and 3-back conditions. All participants had
normal or corrected viston.

Muaterials.  Study lists were composed of 6 to 13 letters randernly
samnpled (without replacement) from the ser B, O, D FLH L K, LML B,
R. 5, T. V, and X The study list was presented in lowercase, and the test
probe i uppercase,

Procedure,  Stirpulus presentation and responge collection were con-
grofted by a personal computer. Each trial consisted of the preseptation of
a & to 13-Jetter study list. List length was randomized across tals. An
eqgual number of positive and negative test probes was used. Half of the
negative trials nsed were drawn froma the i+ § and i + 2 positions and the
remaining from a letter not presented in the study list, List and nondist luses
were used to estimate the degree to which responses were based on overall
Tamiliarity versus specific Hst information (see Appendix).

The sequence and timing of events withinn a wial are schematically
tHustrated in Figare 2 and were as follows,

First, a centervd, square fixation point was presemted for 506 ms.
Second, study letters were sequentially presemted for 400 (1-back), 657
(2-back), or 900 (3.back) ms iy the center of an otherwise biank screen.
Third, the final letter ip the study list was masked by a collection of
sosdetter symbols presented for 300 ms. Fourth, the st lettor was pre-

* fhis argument was buttressed by convergent evidence from an analysis
of KT distributions. In an R'T variant of the JOR task, the leading edge of
the RT distributions shifted toward Joniger thes with loss tecent test probes
(Hacker, 198(: Hockley, 1984; MoElee & Dosher, 1093; Muter, {979
Shifts in the jeading edge provide strong support for 2 serial {self
terminating) process (Stesnberg, 1973). Additionally, Hacker (1980} and
Muter {1979) showed that the same pattern is evident in sub- and supraspan
Hsts, suggesting that the serial search process is not particuial to WL
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sented in the seme reglon as the study Iist and mask. Fifth, the test letter
rermained on the screen for 43, 200, 300, 500, 800, 1,300, or 2,000 ms, at
which poist the screen cleared and a 50-ms (1,000-Hz} tone sounded to cue
the individoals to respond. Participants responded by pressing one of two
keys on a numeric keypad to denote either that the test item had appeared
in the n-back pesition {3} or not (#). And sixth, after a response, visual
feedback on the parficipant™s latency 10 respond to the interruption tone
was presented. Participants were instructed o sespond within 300 sos of the
tone. They were informed that responses fonger than 300 ms were 100 long
ang that responses faster than 120 wms wers anticipations. Participants
initiated the next wial by pressing & key.

Each 30- to 45-min sesston (depending on presentation rate} consisted of
280G trials. Fach participant performed three sessions for esch m-back
condition, For each individual, this yieided 6G positive wials for cach
n-hack condition at zach of the seven response lags and 30 nepative trials
for the combinations of # + 1| and B + 2 distractory and 30 negative trials
for nonlist distractars for cach of the seven response lags. Sample size was
sufficient to yield stable data for individual participants.

Data anatvsis.  Egual-variance Gaossian d" scores were computed to
derive time course measures that were not influenced by particular re-
sponse biages. The primary measure scajed the hit rate for each pesitive
condition against the false-alarm rate forthe average of n + T andn + 2
distractor conditions. This provided a measure of the sbility te discriminate
different ordinal positions in the sequence. Perfeet performance at any lag
was adiusted by a minimume-error coprection (Macmillan & Creelman,
19513 to ensure that the ¢ values were measarable given the sample sizes,
The Appendix presents a second type of sealing that was used to examine
differences between fist and nonlist disiractors.

"o estimate asymptotic acouracy and processing dynamics (speed), the
empirical SAT fanetions were fit with an exponential approach to a Limin

= AL~ P, fori> 8, elte B, 3
Equation } describes the growth of accuracy over processing time using
three parameters: {a} A, an asympiotic parameter reflecting the overalt
acturacy at maximal processing time; (b} 8, an intercept parameter reflect-
ing the discrete point in tirme when accuracy departs from chance {4 = 0);
and (¢) B, 2 mte of rise parameter that deseribes the rate at which aecuracy
grows from chance 1o asympiote. Numerous shudies found that Equation 1
provides a precise quantitative summary of the shape of a full time course
SAT function (e.g., Dosher. 1976: MoEhee, 1993, 1996; McElee &
Dosher, 1989, 1993; Reed, 1973, 1976, Wickelgren, 1977, see also Rat-
chiff, 1978, for an afternative thren-parameter equation derived from the
random-walk {diffuston] model and McElree & Dosher, 1989, for a com-
parison of the two equations}.

Al] anatyses were performed on the individual participant’s data. Con-
sistent patterns across participants were summnmarized with the fis of the
average (over participants) data, Differences among the SAT functions
were guantified by Stting Bauation 1 to the data with an erative hill-
climbing algorithm (Reed, 1976), similar to STEPIT (Chandier, 196%),
which minimized the squared deviations of predicted values from observed
data. A hierarchicsl model testing scheme was used. The SAT data were fit
with sets of nested madels that systematically varied the three parameters
of Equation 1. These models ranged from a aull mode, in which 1-back,
Zback, and 3-back fonctions were fit with 2 single asymptote (&), rate (8),
and imercept (8) 1o a fully samrated model in which sach function was £t
with a unique set of parameters. The quality of the ft was assessed wsing
three criteria; The first was the value of an B statistic,

5 {d; ~ @)~ k)

Rl 1 o e | )
T d—~ e - 1)
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whese 4, represents the observed datz vaiues, 4, indicates the predicted
values, 4 is the mean, # is the suenber of data points, and X is the rumber
of free parameters {Reed, 1973). This &2 stadstic is the proportion of
variance accounted for by the it adjusted by the number () of free
parameters (Judd & MoCleltand, 1989). The second was evalvation of the
consistency of parammeter estimates across the subjects. The third was
cvaluation of whether the fit vielded systematic (residual} devistions that
could be accommedated by aflocating more (e, separaie) parumeters to
various onditions.

Results and Discussion

N-back detection. Figure 3 presenis the average (over parfic.
ipants) d” data as a function of retrieval or processing time (lag of
the interruption cue plus the latency to respond to the cue) for the
three positive n-buck conditions scaled against the average of the
i+ 1 and # + 2 distractor conditions,

Figure 3 shows that asymptotic accaracy decreased as the n
increased. The average d” score at the longest interruption time (3
5) was 3.9 for i-hack, 3.5 for 2-back, ard 2.6 for 3-back. An
analysis of vartance {ANOVA) on the d scores at the longest
mterruption time was significant across participants, F(2,
10} = 7.08, MSE = (338 These asymptotic differences indicate
that the probability of identifying the n-back target with maximal
processing time decreased as additional items intervened between
study and test. Prima facie, the substantial differences in asymp-
totic levels demonstrate that parficipants were not complesely
saccessful in maintaining the n-back target in focal attention, and
that they were less likely to retrieve the n-back target from mem-
ory representations outside of focal attention when more izems
intervened between study and test, The inability to retrieve the
relevant n-back target may represent the loss of item or order
inforrmation as time and the number of items interpolated between
study and test increased.

Retrieval speed was the primary datum of interest. Retrieval
speed was assessed by competitive fits of FHguation | to the full
time course functions to test whether the two dynamics parameters,
rate {(f) and intercept {(8), varied across the n-back comditions.
However, the systematic asymptotic effects required that the funce-
tions were first fit by models that sflocated a separate asymptote
(A} 1o each n-back concition, A IA-15-18 (null) model, in which
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Figure 3. Average d' aceuracy (symbols) as a function of processing ime
(lap of the response cue pius latency to respond to the cue) for the 1-back,
Z-hack, and 3-back conditions in Experiment . Smooth curves show the
best fits of Equation 1 with the (average) parameters listed in Table 1.
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Table 1
Exponentiaf Parameter Estimates From Experiment |
Pasticipant

Parameter Avg BEO. HM. ML S.F. 5.G. YE
A 1-back (d' units) 187 431 285 404 418 429 4.11
A 2-back (d' usits) 3.36 4.14 203 3.84 3.46 416 3407
A 3-back (' units) 162 348 1.57 286 240 408 1.23
B t-back (8 0.231 0.068 0.17% G160 0.086 0.106 0.637
87" 2back (z) 0.344 0.085 0.29%0 1352 0G.152 2137 0.748
8" 3-back (5 0.581 0172 0.393 0520 0252 0.§83 0.886
& common (s} 0172 0.236 0.14% 06.152 0.229 6203 0,199
Adpusted R 956 939 o821 924 896 804 851

Note. Avg = average. All other abbreviations are participants” itials.

all three conditions were it with a common set of parameters,
produced extremely low adjusted-R* values, 454 in the average
data (range = .193~-822 across the 6 participants). In contrast, &
3i-15-18 model, in which a separate asympiote {A) was aliotted (o
cach n-back condition, produced an adjusied-R® value of 926 in
the average data {range =~ .767-868 across the & subjects).
Equatly important, this model yielded & consistent set of A esth-
mates across the three n-back conditions. In the average data, the
A estimates were 4.0, 3.3, and 2.4 for 1- to 3-back (respectively),
and every participant showed this ordering of estimates. Consonant
with the ANOVA on the 47 scores at the lonigest interraption time,
the difference in parameter estimaies was also significant, F(2,
10} = 213, MSE = 0226,

Further model fits demonstrated that the n-back conditons did
not simply differ in the probability that a representation of the
target item could be accessed (A). In the average data, a 3A-38-14
model, in which each n-back condition was allotted a separate rate
{B) in addition to asymptote (L), improved the fit to 956, No other
modiel with fewer, higher, or z different allocation of parameters
yielded as high an adjusted-R* valve. The 3A-38-18 modei indi-
cates that rewieval speed systematically slowed as n increased
from 1- {0 3-back. The average rate (g} estimates were 231 in
B 1-ms umits for i-back, 344 ms for 2-back, and 581 ms for
3-back. ‘This order was evident in every participant,” and an
ANOVA on the rate sstimates was significant, F(2, 10) = 25.1,
MSE = 0.0037. The parameter estimates for the 3A-38-18 model
are presented in Table | for the sverage data and each participant.
The smooth functions i Figure 3 are fits of the 3A-35-158 model to
the average data using the parameters listed in Table 1.

Like the asymptotic differences, the systematic slowing of the
rate (5} parameters indicates that the target itesm was not perfectly
maintained i focal attention across 1- o 3-back conditions, and
that a retrieval operation was reguired to restore the target item to
active processing on some portion of trials (see later discussion).
The ordering of rate (£} parameters is indicative of a backward or
recency-based search operation, as has been found in tasks that
explicitly require the recovery of order information (McElree &
Posher, 1993; see alse Gronlund et al., 1997). That is, resiicting
responses to a particular ordinal position in the Hst appears to
require the same type of retrieval operations that are reguired for
overt judgments of order. The Appendix prosents an analysis of the
rejection of list (1 + § and # + 2) lures that is consistent with this
contention, in that the time at which a Hst lure can be discriminated

from a nonlist lure aiso systematically increased across 1- to
3-back conditions,

Search models. The dvnamics {rate) differences suggest that
the ordinal position of a target item was determined, in part, by a
serial search that began with the most recent item and moved
backward through the Hst. That contention was further evaluated
by fitting an explicit search model to the data. At issue was
whether such a model provides a sufficient explanation of the data
in particular, could the pattern of data be explained without as-
suming that the n-back #tem was maintained in focal attention on
a portion of rials?

McElree and Dosher {1993} found that systematic dynamics
differences in the JOR task were weill fit by a backward search
modei, in which the list was serally searched in the order of
recency. That model was adapied to the a-back task, with the
plausible assumption that the same type of retrieval mechanism
was used to recover order information in both tasks. The proba-
bility that a single memory comparison aperation finishes by time
t was represented as an exponential with 2 rate of information
accrual equal to B. A serial model entails that the search was
accomplished by performing a sequence of these comparison op-
crations. The probability that a series of exporentially distributed
comparisons will be completed by time / is gasmma distributed,
with an order o equal to the number of implickt comparison
processes:

o

&
PTs= m"ﬁ“{}“{ J e Preidr 1> b, else 0. (B
0

Equation 3 is a cumuiative gamma function, representing the
convolution of o independently and identicaily distributed expo-
neatial distributions, sach of which describes the completion time
for a single comparison in a serial search. The overall function is
offset by a base time § to reflect encoding and response time.
To compte the probability of z correct response as 2 function of
processing time for the neback conditions, gammas of various
orders (a} must be used to model the different number of com-
parison processes implicit in each condition, The number of com-

3 Subject ML was marginally better £t by 2 3A-18-38 as compared to a
3A-38-16 model (adjustied-R™ of 928 vy, 924}, but both fits were better
shan the 34-18-18 model {833},
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parisons is equal to the number of memory representations that
must be scarched up to and including the target temn, Thercfores,
the order (&) of the gamma for each n-back condifion is equal to
n. Consistent with the empirical differences in SAT asymptote and
the analogous A differences in the descriptive exponential fits, the
overall probability of finding a target was assumed to vary across
n-back conditions. The asymptotes (As} were scalar values for the
gamma function and were estimated from the data. The rate (8 of
the comparison process and intercept (&) of the overall gamma
function were free parameters.

The top panel of Figure 4 shows the fits of the pure search
model to the average 47 data. Although the free A parameters
ensured that the mode! adequately it the asymptotic differences,
the serial search assumption overpredicted the range of dynamics
differences across - to 3-back conditions. At times less than 506
ms, the model overpredicted performance for the I-back condition
but underpredicted performance for the 3-back condition. This
systematic misfit of the data indicates that the observed dynamics
differences are not compatible with a pure serigl search asszmp-
tion. Note that this misfit is oot a consequence of particular
modeling assumptions. Whereas other distributions could be nsed
to model ¢ serial process, plausible distibutions will misfit the
data in exactly the same manner as the gamma distribution. The
failure of the model is aot because the exponential rises too showly
or too quickiy—rate of rise is a free parameter—but rather is due
to the core assumption that retrieval is mediated by 2 pure sequen-
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Figure 4. Top panel: Best @it of 2 pure backward-search model to the
average 4 data from Experiment 1. Bottom panel: Best fit to the average
4" data from BExperiment 1 with 2 mixure of 2 backward search and a direct
match to focal stiention using the (average) parameters Hsted in Table 2.

tially ordesed search. Such an assumption mathematieally reqguires
that overall performeance is determined by convolving the finishing
time distributions for each companison process. The inability of the
model to capture the observed range stems directly from this
convolution requirement.

An alternative model is that the tme course functions reflect a
mixture of responses based on two states. On a propertion of trials,
individuals socceed in maintaining the ath-item hack in focal
attention, thereby circumventing the need for a scarch process. On
the remainder of trials, a search process is used to recover the
ath-back item from memory representations outside of focal atten-
tion. This miaxtare model was fit to the data by allotting 2 param-
cter to the 2-back and 3-back conditions that estimated the pro-
portion of search irials. When a search was required, the gamma
function outlined previousfy was used, When the n-back target was
in focal attention, a simple exponential (Equation 1} was used to
model the matching operation. Tt was asswmed ¢that the target was
always maintained in focal attention in the 1-back condition. This
assumption is consistent with item recognition stadies demonstrat-
ing that the test item is matched to the contents of focal aftention
when no list item intervenes between study and test (MeElree,
1996, 1998; McElree & Dosher, 1989, 1993; Wickelgren of al.,
1980},

The bottom panet of Figure 4 shows the fit of the mixture model
0 the average data, In contrast to the pure scarch meodel (top
panel}, this modsl more accurately fit the range of dynamics
differences across the {hree conditions n that it dié net systemat-
ically overpredict 1-back dvnamics nor underpredict 3-back dy-
namics. Table 2 lists the parameter estimates of the mixture model
for the average data and individual participants. For the average
daia, the propextion of search frials was .11 in the 2-back condition
and .27 for the 3-back condition. 'Fhe proportion of searches was
higher for 3-back than for 2-back in ali but 2 individuals (M.L. and
Y. P.), who showed nearly identical estimates. The difference in the

Experiment 2, however, the ordeting of estimates is consistent
with the contention that the n-back target was more likely to be
displaced from focal amention as more material was processed
bhetween study and test,

Experiment 2

Modet fits of the ime course data suggest that the »#-back task
is medisted by a mixture of two processes: {a) a fast matching of
the test probe o representations in focal attention and () a sdow
search process for cases in which the targel ftem was not main-
tained in focal agention. A search process was motivated by the
systematic slowing of dysamics as n increased. The difference in
dynamics is not consistent with the contention that n-back judg-
ments were mediated by 2 direct-access or content-addressable
retrieval process, as is found for item recognition (McElree &
Prosher, 1989}, nor with the contention hat such jndgments were
exclusively mediated by matching the test iter to the contents of
focal attention. However, that n-back judgments are sometimes
mediated by 2 fast matching process was inditectly motivated by
the failure of 2 pure search model 1o capture the range of obsorved
dynamics differences adegoately. The purpose of the second ex-
periment was to provide more direct behavioral evidence for the
role of & Hmited-capacity attention mechanism.
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Table 2
Parameter Estimates for the Mixture Model for Experiment }
Participants

Parameter Avg BEO. HM. ME. SF 8.6 b 14
A 1-back (4 unigs) 407 474 115 4.30 4.51 4.67 4.16
A 2-back (&' units) 3146 4,48 .09 3.94 162 4.23 305
A 3back (o units) 273 1.56 3.60 192 21.59 4.20 117
Proportior of searches in 2-back A G5 67 53 18 29 A2
Proportion of searches in 3-hack 27 Ao 26 31 A5 A8 NE
#7" commeon {8) 6342 6342 ¢.452 9.342 $.34] 6.173 0.067
& commaon (8) G116 8010 8010 2.014 0.101 0.286 0.292
Adiusied B 516 632 137 901 811 726 849
Note,  Avg = average. All other abbreviations are participants” mitals.

The logic of the second experiment was to vary the dernands on
control processes to differentiaily affect the kkelthood that target
itemns could be actively maintained in focal attention at fest time.
Two variants of a 3-back condition were zsed. One was the
standard 3-back condition used in the first experiment, in which
individuals were required to respond positively to a test item only
if # occurred 3 items back. This condition is referred to as 3-back
exclusion, beeause individuals were required to exclade all posi-
tons other than 3-back. A second variant, referred to as 3-back
tnchusion, reguired pasticipants to respond positively to ail items
up fo and including 3-back (viz., i-back, 2-back, and 3-back}. ¥
the n-back task is in part performed by actively maintaining the
s-back item within the focus of attention, then s-back inclusion
challenges individuals to maintain three items rather than one item
within the focus of attentien. Performance should suffer as a
consequence of the additional attentional demands.

The crucial prediction concerns the speed of retrieval for the twe
wypes of 3-back conditions. If the time course functions observed
in the first experiments were composed of a mixture of fast
matching operations and slow search operations, as the model fits
of Bxperiment 1 suggest, then the dynamics (rate or intercept) of
the 3-back condition in the exclusion task should be faster than the
dynamics of the 3-back condition in the inclusion condition. For
3-back exclusion, controf processes that serve o maintain an item
within the foces of attention can be directed at ote rather than
three items. Relative 10 the 3-back Inclusion condition, this shoukd
increase the probability that the relevant item is maimtained in
focal attention and decrease the proportion of trials on which 2
slower search process is required. The net effect of increasing the
proportion of fast matching tnals will be to speed the overall
funetion. Alternatively, 1f three items are within the capaeity of
focal sttention, ther no difference in retrieval speed is predicted,
because an individual cau respond positively i the test item
matches any of the items in focal attention. McElree (1998) found
that, according to these criteria, three words could be maistained in
foeal attention, but only if they formed a sermnantic unif or chusk.
No tme course study bas found that more than one discrete unit
can be actively maintained in focal attention across intervening
materiat.

Additionally, this experiment was ased to provide further evi-
dence for 2 slow search process. The 3-back inclusion task in-
ciuded 1-back and 2-back test items in addition 0 3-back test
items, On the basis of Experiment 1, asymptotes should decrease

and dynamics should siow a3 n increases if oeder information is
used to restrict positive responses to the last three pogitions on the
Hst. It is important to note that this is 2 nontrivial exfension of the
findings reported in Experiment 1. A positive response in the
inclusion task (but not the exchssion task} could be based on a
stmple assessment of famniliarity rather than on the output of a
{siow) search process. To do so, an individual need only set a
criterion on familiarity that would differentiate items greater than 3
back from items less than 4 back. McEiree and Dosher (1993)
argued that, in principie, JOR lasks could also be based on an
assessiment of familiarity (in this case, by a direct assessment of the
difference in familiarity between the two JOR probes}. However,
the data indicated that JOR performance was severtheless medi-
ated by a {slow) search process. Model fits demonstrated that if the
JOR sk was mediated by familiarity, the levels of asymptotc
performance would have been far less (2.0 4 units) than the
observed levels, Apparently, individuals opted for a slower search
process 1o maximize accaracy. The same may be true of the n-back
inclusion task.

Method

Participants.  Seven students from New York University served as
participants, None had participated in Experiment 1. Each individual
participated in sixteen 50-min experimestal sessions, consisting of eight
3-back exciusion sessions interleaved with eight 3-back inciusion sessions.
Farticipants performed one practice session for training in the SAT proge-
dure. All participants had sormal or comected vision,

Muaterials, procedure, and dota anafysis. The same method as in
Experiment 1 was used, with several exceptions. Ip the exclusion task,
hures consisted of tems from the $-back, 2-back, and 4-back pesitions, and
new {nondisty tems in equal (25} propostions. in the inclusion task, lures
consisted of iterns from the 4-back positon and #ew (nonlist) iterns
Owerall, an equal nummber of positive and negative test probes was used in
both tasks. Inclusion and exclusion sessions were interwaven o exquate
practice across the 16 experimental sessions, The prasentation rate was 900
ma, as in the 3-back condition of Experiment L

Results and Discussion

N-back detection. Figure 5 presents the average {over sub-
jects) & data as a fonction of processing time for the three
inciusion conditions and the one (3-back) exclusion condition. in
cach case, the d' measure was construcied by scaling the hit rate
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Figure 5. Average ' accaracy (symbols) as a function of processing time
(lag of the response cue plus latency to respond to the cus) for the 1-back,
2-back, and 3-back inclusion conditions and the 3-back exclusion conditon
in Experiment 2. Smooth curves show the best fits of Equation 1 with the
(azverage) parameters Histed in Table 3.

for the positive conditions against the false-alarm rate from the
n + 4 distractor conditions in the corresponding task.

Consider first the n-back inclusion task. Inspection of the filied
symbols in Figure 5 indicates that asymptotic accuracy decreased
as n increased. The average ¢’ score at the longest interruption
time {3 s} was 3.3 for a [-back target, 3.1 for a 2-back larget,
and 2.7 for a 3-back target. An ANOVA on the 4' scores at the
longest intermaption time was significant across subjects, F(2,

agymptotic differences provide prima facie evidence that three
n-back targets could not be pesfectly maintained in focal attention,
and that the probability of secovering the relevant target from a
memory represestation decreased as more iterns intervened be-
tween study and test.

The significart differences in asymptote required aliotting sep-
arate A parameters in fits of the full tme coumse data with Equa-
tion 1. A 1A-153-18 (mul) model, in which all three copditions were
fit with a common set of parameters, produced & low adjusted-R*
value of 733 in the average data (range = 216917 across the 7
participants). In contrast, a 3A-18-18 mode!, in which 2 separate
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asympiote €A) was aliotted to esch n-back condition, produced an
adjusted-R* of 906 in the average data (range = .769-9E6 across
the 7 participants). This meds} yickied a consistendly ordered sot of
A estimates across the three n-back conditions. In the average dats,
the A estimates were 3.55, 3.07, and 2.5 for 1-, 2-, and 3-back,
respectively, and the difference in parameter estimates was signif-
icant across subjects, F(2, 12} = (1.4, MSE = (3.166.
Subseguent mode! fits clearly demonstrated, as in Experiment i,
that retrieval dynamics also syswematically slowed as n ncreased.
The form of the dynamics difference was again best expressed in
SAT rate {8), in that a 31-33-18 model gave the highest
adiusted-R* value for the average datz and aj} 7 participants. For
the average data, the adjusted-R® was 977 (range = .871-.932
across the 7 participants), with 87 ' estimates of 238 ms for a
i-back, 386 ms for a Z-back, and 629 ms for a 3-back farget All
participants showed this ordering of 8 estimates, F(2, 12 =~ 17.3,

with the notion that restricting positive responses 1o a Hist position
induced a hackward search operation of the form seen in Experi-
ment 1 and other order tasks like JOR.

Turming to the crucial 3-back exclusion condition, inspection of
Figure 5 supgests that the 3-back exclusion condition was associ-
ated with faster dynamics than the corresponding 3-back inclusion
condition in that the former had substantially higher d° vaiues early
in retricval (times less than 1 s). This contention was directly
supported by model fits in which the 3-back exclusion condition
was jointly fit with the three n-back inciusion conditions. A 4A-
48-18, in which the exclusion condition was aliotted 2 separate
asymptote (&) and rate {8} parameter, yielded 2 modest and non-
significant difference m agymptotes between 3-hack inchision and
exclusion, #6) = {.13, as, but a large and reliable difference in
rate, #6) = 3.3, p < 01, In the average data, the ' rate estimates
were 682 mas for 3-back inclusion and 317 ms for 3-back exchision.
All participants showed a faster rate estimate for the 3-back
exclusion condition. Parameter estimates from the 42-48-18 model
are presented in Tabie 3,

In the average data, the rate estimate for 3-back exclusion was
positioned between the estimates for 1-back and 2-back inclusion,
stightly slower than I-back incinsion (317 ms vs, 277 ms) and
somewhat faster than 2-back inclusion {317 ms ve, 469 ms),
However, both pairwise comparisons were nonsigaificant across

Table 3
Exponential Parameter Estimares From Experiment 2
Participants

Parameter Avg AD, AKX AN DAL EL. KS. T.T.
A J-back inclusion (& units) 328 208 2.84 2.82 246 1.86 4.27 308
A 2-back inclusion {d' units) 315 1561 294 288 141 390 4,19 324
A 3.back inclusion {d° units) 298 1.3% 359 294% 132 385 4,10 245
A 3-back exclusion {d' units) 291 1.42 348 313 141 4.00 427 im
B 1eback inclusion {s} {4.277 0344 £.446 0335 {344 0.206 0215 (0.164
B! 2-back inclesion (s) (468 0458 £.536 0.560 $.458 0.322 8.246 0.352
B! 3-back nclusion {s) (689 1.0a1 £.781 1.312 1410 0458 £.420 0704
877 3-back exclusion (s} .317 0892 £.621 3,381 {LER4 0.215 0.067 03385
& common (s} {1161 0,141 0.148 0167 9.152 0225 .188 0.162
Adpsted B 965 BEY 321 B33 887 811 842 860

Note.  Avg = sverage. All other abbreviations are participants’ initials.
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subjocts, K6} = 0.0} and H#6) = 0.58, respectively. For individual
participants, the rate estimate for 3-back exclusion was between 2-
and 3-back inclusion (AD., AK., DA, T.T} between i- and
Z-back inclusion {AM., E.L.} or, in one case (X.5.), earlier than
1-back inchusion. Given this distribution of differences, the 4A-
4£-18 model provided the best summary of the data, because it
places no constraints on the relative ordering of the rate parameter
for 3-back exclusion. This model yielded one of the highest
adjusied-R* values £.975 in the average data; range = .833-.942
across subiects), although for some participants a shight improve-
ment in adjusted-B> (less than .01} was observed for 44-38-18
models, in which the rate for 3-back exclusion was constrained to
be equal to either |- or 2-hack inclusion. However, thege differ-
ences were smatl and of little theoretical consequence, The crucial
fact iz that the rate for 3-back exclusion was found 10 be statisti-
cally faster than that for 3-back inclusion, and this fact direcily
motivates the claim that the n-back task is in part mediated by
actively maintaining the larget item in focal attention.

The logic of comparing 3-back inclusion and exclision was that
the latter enables individugls to focus on one rather than three
iters. Maintaining an item in the focus of attention circumvents a
search process, and so dynamics should be appreciably faster in the
exclasion condition, The data confirm that prediction. Whether
3.back inclusion is faster than 1. or 2-back inclusion is determined
by the efficiency of maintaining more than one item in an active
state, The data indicate that there are individual differences in this
ability, aithough all pagicipants were betier at maintaining one
rather than three items. An interesting property of the data is that,
although there were large differences in retrieval speed between
3-back inclusion and exclusion, there were no reliagble differences
in asymptotic accuracy. This suggests that the asymptotic levels of
performance were largely determined by the recency of the targst
stem,

Search model. The mixture mode]l used to fit the date of
Experiment | was appliad to the joint inclusion and exclusion data.
Of interest was whether the differences between 1-, 2-, and 3-back
inclusion conditions and, crucially, the difference between the
3-back exclusion and inclusion conditions could be adequately
modeled by different mixtures of a scarch and a fast matching
operation. As before, the 1-back condition was assurned fo always
mvoive matching the test item to the tem active in focal attention.
The Z-back inclusion, 3-back inciusion, and 3-back exciusion
condiions were given a separate paramecter inat determined the
relative proportion of search and matching eperations. if the farget
itern could be more accurately maintained in focal astention in the
3-back exclusion task, then the estimated proportion of searches
shonsid be lower than in the 3-back and possibly 2-back inclusion
conditions,

Figure 6 shows the it of the mixture model to the average data
using the parameters listed in Table 4. Overall, the model captured
the dynamics differences well, vielding an adjusted-R* of 064,
which is comparable 1o the bast fitting exponential {descriptive)
model. As in Experiment 1. these differences in dynamics were
praduced by varying the proportion of search operations zcross
conditions greater than 1-back. The average proportion of trials in
which a search was required was .38 for 2-back inclusion com-
pared with 48 for 3-back inclusion. All participants had a higher
proportion in 3-back inclusion than 2-back inciusion, 16} = 1.5,
p o= 0L Crucially, the proportion in 3-back exclusion was sab-

Mixture Modet for 3-Back (nchusion and Exclusion

4 1.back inciusion
* 2-pack Inchugion
W 2.53ck InGiugion
1 3-back Excluglon:

Accuracy (d')
2

8 1 2 3
Frocessing Time (lag plus latency} in 5

Figure ¢, Best fit o the average o data from Expesiment 3 with &
mixture of a backward search and a direct mateh to focal attention using the
{average} parameters listed in Table 4.

stantiglly lower than 3-back inclusion: (08 versus 48 in fits of the
average datz. This supports the hypothesis that participanis were
better able to maintain the 3-back target in focal atiention in the
less demanding exclusion task. All participants but 1 (A.D)
showed a lower proportion in 3-back exclusion, 46} = 28, p =
{33, In the average data, fewer search operations were performed
in 3-back exclusion than 2-back inclusion {08 vs. .38), but the
difference across sshiects was not sigaificaat, 263 = 1.3, p = 23,

The Appendix presents an analysis of the rejection of Hst hwres
from the -, 2-, and 4-back conditions of the exclusion task and the
4-back condition in the inclusion task. This analysis provides
independent evidence that the n-back task is partly mediated by a
search process of the form embodied in the mixtere model,

Fhe average proportion of searches in 3-back {exchusion) in
Experiment I was .27, which is substantially higher than the OR
for 3-back exclusion in this experiment. Inspection of individual
sulyject parameter estimates in Table 4 show that the low average
vatue in this experiment was due o exceptionally high perfor-
mance of 2 participasts in 3-back exclusion (E.L. and K.8., with
asymptotic d” values of 4.21 and 4.52, respectively). Comparison
of the performance of these participants with that of the other §
clearly iHustrates that there are substantial individual differences in
the ahility to maintain an item in focal attention while concurrently
processing new mmformation, Nevertheless, participants E.L. and
K5, showed a substantial proportion of search trials in 2- and
3-back incluston {estimates range from 24 to 74). Although these
individuals may have been better able than others fo maintain one
target in focal attention, they do not appear to have been more
efficiens at maintaining mere than one item in focal atention.

Finally, it should be noted that the model estimates of the propor-
tiors of trials mediated by a match process does not exclusively reflect
the proportion of trials that the terget was maintained in focal atten-
tion. it is possible that the 500-ms interval between the onset of the
mask and the onset of $he test item was used fo retrieve and restore the
n-back targes to focal attenton when it had been displaced by imer-
vening items, (The mask was necessary to enswre that 1-back condi-
tions were not mediated by a visual matching process} Such a
stralegy may be more affective for the exclusion task than the inclu-
sion task, but even in the latter case there is a 1 in 3 chance of selecting
the correct target. It is questionable whether the interval was sefficient
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FParameter Estimaites for the Mixture Model jor Experiment 2
Participants

Parameter Avg AD AK AM DA EL K8 T.T.
A L-back inclusion (¢ onil) 335 387 286 253 33T 467 397 324
A 2-back inclusion (d urits) 3.17 3.41 294 255 LET 3.99 4.13 334
A Bback inclusion (¢ onits) 293 279 360 268 142 391 4722 240
A 3-back exclusion (¢ units) 209 199 349 338 L5 421 457 319
Proportien of searches in 2-back inchision 38 36 16 49 .10 24 12 51

Praportion of searches in 3-back inclusion 4%

Froportion of searches tn 3-back exclusion OB

£ common (s} 0.342
& comumon (8) 0122
Adjusted B 564

38 34 63 43 38 T4 63
43 19 A7 A7 oL 61 29
0060 Q452 G432 (060 0342 6373 G342
8493 0033 o684 {010 Q1M G102 41

861 928 B33  B6E  BE7 807 834

Nete, Avg = average. All other abbreviations are participants” initiads.

o enabile such a strategy, particalarly when the onset of the mask was
unpredictable. However, © the degree that it was, the propostion of
matches will have overestimated the proportion of trials that the target
was successfully maintained in focal attention and, likewise, under-
estimated the proportion of trials in which 2 search was needed i
restore the arget o focal attention,

General Discussion
Empirical Summary

Two important findings were reporied, First, the speed {SAT rate}
of setricval decreased as n increased in both varlants of the n-back
task. The slowing of retrieval indicates that the s-back target could not
be maintained consistently in focal attention, and that 2 search process
was needed w0 recover the target when it was displaced from focal
attention. The inability 1o perfectly maintain the n-back target in focal
attention was independently supported by findings that asymptotic
accuracy systematicaHy decreased as » increased. The Appendix
provides addiional support for a search process, dernonstrating that
the time at which a nontarges list member was rejected depended on
the ordinal position of either the targer or the ure,

Second, retricval speed was significantly faster in the 3-back
exclusion task than in the 3-back inchusion task. The dynamics
advantape for the exclusion task implicates the role of Hmuted-
capacity control processes that cireumventsd the need for a search
process by maintaining a target item within the focus of attention.
It aise suggests that three sequentially presenied Hems cannot be
reliably maintained in focal agention. Broader implications of both
findings are discussed next.

Retrieving Order Information

N-back retrieval dynamics are similar 0 the dynamics for ex-
plicit judgments of recency (McElree & Dosher, 1993), and both
conrast sharply with the dynamics for item recognition. Less
recent items engender jower asymptotic performance levels in
tasks that require either item or order infonmation. However,
rerrieval speed for item information 1g not directly affected by
recency {McElree, 1996, 1998; McElee & Dosher, 1989, Wick-
elgren et al., 1980) or by the number of tems in the memory set
(McElree & Dosher, 1989). These findings have motivated the

contention that access o an item's representation in memory is
mediated by a conteni-addressable mechanism (Dosher & Mo
Elree, 1992). For judgments that require order information, in
contrast, retrieval speed systematically slows as recency decreases.
Order information is not retrieved by a content-addressable oper-
ation but by a search process that is sensitive to the amount of
information intemolated befween study and test.

McEiree and Dosher (1993} argued that the recovery of order
information in a JOR task was mediated by a seriaf search oper-
ation that began with the most teeent femn in memory. Seciality
was compelied by the large shifts in intercept that were observed
when the relevant test probe was drawn from less recent positions.
The dynamics differences in both Expeniments 1 and 2 were
expressed in rate rather than intercept. Rate differences can moti-
vate a senal model but not to the exclusion of certam forms of
hmited-capacity parallel models, as do shifis in intercept (see
McElree & Carrasco, 1999, McElree & Dosher, 1989, 1993)°%

* Differing pumbers of serial operations will cngender SAT Rmctions
that differ in iatercept (8) or rate {f), because the number of serial
processes determines the distribution of finighing thmes. The absence of
either a rate or intercept difference provides ernpirical grounds on which w
reject o serial hypothesis in favor of a parallel hypothesis. Intercept
differences, conversely, provide empirical grounds on which o reject 2
paralle]l hypothesis in favor of & serial hypothesis. In & parailel architecture,
all operations are assumed to be initiated at the same time. Consequently,
conditions with differing oumbers of parallel operations must, by defini-
tion, be sssociated with a common intercept {5). Rate differences in the
absence of intercept differences do not partition possible architectures
strictly along a serial-paraliel dimension but rather limit the class of
architectores within both sets. Whether 2 serial process engenders rate as
opposad to intercept depends on model.specific assumptions, including the
mean and variance of the serdal processes and whether the ordering of
processes s deterministic or stochastic. Mcoliree (1993), for example,
found that a serial process produced rate but not intercept differences ina
sisnulation that imposed a stochastic rather thar deterministic order on the
serial stages. Although all processes are initisted at the same time in
parzilel architcetine, processes may proceed at different rates, either be-
cause a stimulos factor controls the rate of processing (e.g., Murdock,
1971} or because there are mternal resonrce lmitaions {e.g., Townsend &
Ashby, 1983). Thus, differences in rate can be consistent with a restricted
set of paratlel models (for an application, see McEiree & Carrasco, 1999},
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However, because the SAT intercept is determined by the first
process to compiete, shifts in intercept are not expected when a
serial process is mixed with 2 fast matching process, The mixwre
model demonstrated that the impact of the serial process in such
cases will be w engender progressively slower rates ag more serial
comparisons are needed (ef. Figure 4, top and bottom panels).

Given independent evidence for the role of attention (Experi-
ment 2; see later discussion}, the most parsimonious account of the
two order tasks is that they are mediated by the same type of search
mechanism. McElree and Dosher (1993} suggested that this mech-
anisin could consist of a serial self-ferminating scan that begins
with the most recent representation and moves backward in time
(Hacker, 1980; sec alse Sternbesg, 1975). This type of model
assumes fhat memory representations preserve {lemporal or spa-
tial} order information. Given an ordered set of representations, a
scan can determine how a given item is temporally or spatially
sitzated with respect to another item {(JOR tasks) or a series of
iems (n-back tasksy Alternatively, the search process could con-
sist of a serial-chaining operation that capitalizes on pairwise
associative information {lewandowsky & Murdock, 1989} A
serial-chaining mechanism necd not assume that temporal or spa-
tinl relations are directly coded in memory, rather ondy that asso-
ciative reiations are formed between adiacent items durisg encod-
ing. Order information is reconstructed at retrieval by using the last
itern on the list as 4 cue to reeover the next iterm on the list, the
2-back item as a cue to retrieve the 3-back item, and 50 on, until
a match to the target item is found. Lewandowsky and Murdock
{1985 argued that a chaining mechanism provides the most viable
approach to order nformation in distiibuted mernory models in
which memory fraces ase npot stored in discrete iocations.

Either mechanism is compatibie with the JOR and n-back dats,
and the gamrma model (Equation 3} gives expression to the tom-
pozal dynamics of both. The comrnon aspect of both approaches s
that the recovery of order information reguires a sequence of
operations rather than a saitery operation. This fact has implica-
tiong for how cxder mformation is coded in the n-back task and in
memory more broadly defined (see McElree & Dosher, 1993) B
speaks against approaches that propose that order infonmation is
derived from companing time tags that are explicitly and ubiqui-
tously coded with & memory frace (e.g., Yntema & Trask, 1963;
Hasher & Zacks, 1984} or that order is derived from a comparison
of mnemsic properties like frace strength {e.g., Hinrichs, 1970;
Morton, 1968). trace fragility {Wickelgren, 1974), or atmibute
counts {Bower, 1972; Flexser & Bower, 1974). If such were the
case, order information, like item information, would be derived
by a direct assessment of the retrieved mpemsic property without
the aeed for a sequence of operations. Differences in retrieval
speed would not have emerged if, for example, the position of the
item in the n-back tasks was explicitly coded and stored {e.g., third
from the last, second from the last). The inclusion task provided
particularty strong evidence against the notion that order infonmna-
tion is recovered by a direct assessment of fess explicit properties
like {race strength, trace fragility, or aftribute counts. In principle,
the inclusion task could be performed by setting a criterion on the
property that would differentiate items less than 4-back from those
greater than 3-back. Again, bowever, such a model incorrectly
predicts that retrdeval dyaamics would be invariant across recency
{McElree & Dosher, 1993,

The similarity of the time course profiles for JOR and n-back
suggests that a serial search process is a general mechanism for the
recovery of onder information. However, such a claim does not
entail that a serial mechanism is always used for order information,
Intuition suggests that salient events can be eacoded with expiicit
timme tags (e.g., birth dates of family members). As several inves-
sigators noted (e.g.. Bower, 1972; Estes, 1985; McElree & Dosher,
1989; Wickelgren, 1972), the recovery of order information for
specially coded events may be mediated by a direct retrieval of the
associated time tags. Additionally, McElree and Dosher (1693}
argued with supporting data that an assessment of properties such
as trace sivength, trace fragility, or attribute counts can be used as
a Quick heuristic for order information in cirenmstances in which
speed rather than accuracy is at a premgum. The Appendix docu-
ments that list Jures in both experiments produced higher false-
alarr: rates than nonlist lures early in retrieval. This analysis, like
the results reported in McElree and Dosher (1993), suggests that an
assessment of strength (or related notions) can be used as a guick
heuristic for order information when speed is at issue. A serial
scarch operation appears o be the general means of recovering
order information when acouracy is at & premium,

Finally, time course measures of the n-back task and other order
tasks such as JOR (MeElee & Dosher, 1993) place clear boundary
conditions on the applicability of reirieval modsls such as Rat-
cliff’s {1978} diffusion model. RatclHY et al. {1999) argued that the
diffusion medel is 2 general-purpose decision mechanism that has
had great success in modeling an impressive range of tasks, in-
cluding, for example, simple and choice RT tasks, matching or
same-different judgments, recognition tasks, categorization tasks,
and decision making. However, the diffusion mode! assumes that
memory represertations are content addressable and accessed in
paraliel. As such, it is ili equipped to model tasks that invoive a
serial sequence of operations. The implication of the current work
is that a compliete account of processing dynamics will reguive
alternative models §.e., the gamma function used here) for cases in
which performance s not mediated by content-addressable, paral-
iel operations.

The Focus of Attention

Prior analyses of the dynamics of retrieval suggest that a few
items can remain within the focus of atiention, obvianng the
retrieval operations that are otherwise needed to rostore passive
representations 1o active processing. Two facets of the n-back data
simikurly motivate a digtinction between attended and more passive
memory representations. First, a pare search model gave an inad-
egiate account of retrieval dynamics in Experiment 1. To fit the
time course profiles adeqoately, it was necessary o assuine that the
functions partly comprised a fast matching process. The second,
mere direct evidence for the role of aftention came from the
contrast between the exciusion and inclusion tasks in Experd
ment 2. The logic of contrasting J-back exclusion and inchsion
tasks was that the former enables miore attentional resourcess to be
devoted to the 3-hack item. Retrieval speed for judgments of a
3-back target was substantially faster in the exclusion than inclu-
sion condition, indicating that attentional demands clearly affected
the tine course of processing. This retrigval advantage follows
from an assumnption that there is a higher probability of maintain-
ing the 3-back item in attention with one rather than three potential
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targets. Parwmeter estimates from the mixture moded {Table 4)
supported that contention.

There are, of course, alternative interpretations of the differ-
ences in retrieval speed between n-back inclusion and exclusion
tasks, but none appear to be fully consistent with the time conrse
data from this and other studies. For example, it might be argued
that maintaining three items {nclusion) compared with one item
{exclusion) in focal attention taxes a hmited-capacity decision
process (cf. Mardock, 1971; Townsend & Ashby, 1983), sach that
the comparison process slows as additional {paraiicl) operations
are performed. McElree and Dosher (1989} expiored and rejected
such models for item recogaition. Tn the McElree (1998 study, in
which three items forming one cohesive unit were maintained in
focal attention, there were no differences in retrieval speed among
the three items in focal attension. Crucially, retrieval gpeed was not
slower for these items than what was found in the McEiree and
Dosher (1989) study, in which only the last item was maintained
in focal attention {retricval speed, 8 + B, was 449 ms i
McElree, 1998, vs. 458 ms [Exp. 1] and 482 ms {Exp. 2} in
McElree and Dosher, 1989; as a point of comparison, here refrieval
spead was 478 ms for 3-back exclusion vs. 850 ms for 3-back
inchusion). These data are directly at odds with the core prediction
of & Hmited-capacity decision process that processing speed siows
as additional comparisons are performed. Note also that if three
itemns were indeed mainfained in focal attention, there is no prin-
cipled account for why accuracy also decreased across the 1-, 2-,
and 3-back targets in the inclusion task. To account for the ob-
served asymptotic differences, one must assume that, as more
iterns are interpolated between study and test, there is a greater
likelihood of an item being displaced from focal attention and that
there is 2 lower probability of recovering the correst item and order
information from  memory representations outside of focal
attestion.

Ancther possibility appeals to the notion of the distinctiveness
of repregentations {Nairse, 1996): An itern may be less distinetive
when there are other items in focal atiention, and distinetivenesy
affects the speed of access. Again, if this account were correct, one
woukd have expected tetrieval speed to be stower in the McElree
{1998) smdy than in the experiments in McEiree and Dosher
{1989). More generally, if distinctiveness affects retrieval speed,
then increasing set size in a classic Stemberg paradigm should
slow retrieval. McElree and Dosher (1989} demonstrated that set
size does not affect reteieval speed.

The most consistent account of the differences in dynamics for
3-back exclusion and inclusion is that individuals could not reli-
ably maintain three items in the focus of attention. This account
reinforces the conclusions from other studies that focal attention
has a very limited capacity, perhaps being restricted to one item or
semansicatiy reiated uni: {(McElree, 1998). The n-back task arga-
ably provides stronger cvidence for the limited nature of focal
attention than other time course studies. Tasks such as item ec-
ognition can be ¢asily asccomplished with an efficient dirgct-access
process, so there may be little incentive for individuals to deploy
more cogaitively engaging operations to mainiain more than the
last item in focal attention. In the n-back task, in contrast, a
strategy of maintaining more than one item in focal attention
would ostensibly circurmvent the more difficult process of secov-
ering order information {see McElree & Dosher, 1993). It is

ressonabie to assume, therefore, that individoals would have at-
tempted to maintain three items if they were capable of doing se.

Results from the n-back inclusion task indicate that the upper
limit on the number of units that can be actively maintained in
focal attention is less than three items, For example, the parameter
estimates in Table 4 indicate that, in the 3-back inclusion task,
participants had fo search for either the 2-back or 3-back target on
86% of the trials. In fact, this estimate is conservative. It was
assumed in the mixture model that individaals always maintained
the |-back item in focal attention. This assumption was necessary
to estimate the time needed for & matching operation. However, if
individuals were atternpting but unable 10 maintain all three iters
in focal atfention, an effective strategy would have been to cycle
through the last three items. If the last item was pot in focal
attention every time it was iested, then the baseline estimate of the
time to match an item to the contents of focal attention is inflated
by those trials when additional time was fieaded to search for the
i-back target. The net effect of overestimating the time to match a
test itegn to focal attention would be to underestimate the propor-
tion of scarches necessary 1o respond o a 2- or 3-back target. The
data uneguivocadly indicate that three items could net be main-
tained in focal attention, but it is also possible that the time course
differences between 3-back exclusion and inclusion are fully con-
sistent with prior results seggesting that the limit on focal attention
is one unit. Garavan {1998) also argued, based on RT patterns i
a switching task, that only one object can be maintained in focal
attention.

Implications for Functional and Neural Architectures

Recent brain imaging studies of the n-back have found signifi-
cant activation of the dorsolateral prefrontal contex (DLPFC; Brod-
mann’s area 9/46), Broea's area {Brodmaonn’s agea 44), and the
postertor parietai arca (Brodimann's area 40; Awh et al., 1996;
Cohen et al., 1994, 1997, Smith & Fonides, 1997, 1999), Smith and
Jonides {1997, 1999) suggested that activation in the DLPFC and
Broea's area are reflections of executive or controi processes, with
the latter specificaily linked to rehearsal processes. Activafion in
the posterior parietal area is argaed fo reflect WM storage rather
than control processes. The evidence for this claim is that activa-
tion in this region increases with more distant n-back targets.

However, the time course data show that n-back judgments are
in part mediated by a search process, and that the complexity of the
search depends or #. Activation in the posterior parietal region is
as likely 1o reflect correiates of the search or reconsiuctive process
as it is to reflect passive storage. The contzols that are used with
subtractive logic in the series of studies reported by Smith and
Jonides (1997, 1994) do not provide a means of disentangiing
retrieval and storage.” Given the inability to ocalize storage un-
ambiguously, an alternative strafegy is o seek evidence for the
involverent of the posterior parietal region in tasks that require
storage but not 8 search operation. Itemn recognition is a likely

* Control tasks in the Coben et af, (1997} study, and related positron
emission tomography (PET) studies {see Smith & Jonides, 1999} consisted
of a sexrch task {searching for a predefined target) and & task that simply
requited individials to rehearse the fast iter presented durdng the inter-
stimulus interval, Crucialiy, neither task required the retrieval of order
information.
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candidate, because it involves a content-addressable retrieval op-
eration that does not depend on recency. A PET stidy of the probe
recognition task did find activation in the posterior parietal region
{Awh et al, 1996). Unfortunately, however, the long retention
interval (3 5) used in this study enabdled individuals to rehearse the
memory lst (significant activation in Broca's region wus also
found). Although 2 search process may not have been nsed at test
time, rehearsal during the retention interval is likely to have
involved such an operation,

Differers types of evidence have traditionally been wsed fo
motivate a temporary memory store associated with WM. These
include, for example, differences in coding or presentation modal-
ity, effects of distractor tasks, recency effects, and purported
clinical dissociations between the retention of information over
short and long durations. However, much of this evidence is of
questionable logic or has been complicated by additional research
{for critical reviews see Crowder, 1993; Naitre, 1996; Wickelgren,
1973}, Brain imaging data hold great potential for addressing
issues of functional architecture, but the evidence 10 date doss nol
appear 10 provide additional grounds on which to motivate & WM
storage buffer,

The capacity of WM is often thought to be an important con-
straint on cognitive processing and to provide a basis on which to
characterize differences smong individuals and special popula-
tions. However, WM capacity need not reflect storage capacity.
Indeed, theorizing on individual differences and age-related
changes i cognition has appealed more to differences in contyol
and automatic processes than to differences in storage capacity
{e.g.. Engle, 1996; Stoltzfns, Hasher, & Zacks, 1996). These
approaches are largely consistent with a view of WM that eschews
a limited-capacity storage assumption and instead ermphasizes con-
straints on control processes with limited capacities. A simple
dichotomy between attended 2nd nonattended states is motivated
by time course measures of aceessibility. The current study sug-
gests that this type of dichotomy also provides a safficient account
of a complex WM task that places substantial demands on the
retention, retrieval, and manipulation of the representations of
recent avets.
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Appendix

Rejecting Luores

Experiment 1

HNegative tmials included list items from the n 4 1 and » + 2 positions
and nondist {mew) iems, The former were nsed in the o scaling of the
r-back time course functions o constuct functions that refiecied the ability
te discriminate an item in a target position from items in other list
positions. Nonlist lures, in contrast, can be reiected on the basis of an
overall assessment of familianity rather than the retreval of positional
information. Assuming that individoals do reject sonlist lures on the basis
of a jow familiarity vaiue on 2 proportior of irials, an examination of the
differences batween st and ronlist luses can provide convergent evidence
for how positional information is recoverad,

Tible Al presenis the mean proportion (and standard error) of false
alarmas for sonlist fores and the average of # + 1 and n + 2 lures.
Bifferences among the false-alarm rates were initially anslyzed with 2
repeated measures ANOVA o the proportion of false alarmns using n-back
condition (3-back, 2-back, and 3-back), lure type (st or nonlist Iurc}, and
lag of the interruptinn cue {seven lag times) as fixed factors. Oversil, the
proportion of false slarms increased with » {03 for §-back, .06 for 2-back,
and .13 for 3-back), and this resulted in a significant main effect of
comdition, F(Z, ) = 1067, MSE = 00010 Additionally, st jures
engendered higher false-alarm rates than nondist lures (0.092 vs. 0.043),
which resulted in a significant main effect of Ture type, F(1, 5} = 18.24,
MSE = 0.6081. However, both main effects were qualified by a significant
two-way interaction, F(i, 5) = B.63, MSE = 00039, reflecting the fact that
the differences i falre-alarm rates between Nist and nonlist lures increased
with & (01, 05, and 0% for I-, 2., and 3-back conditions, respectively).

Crucielly, however, the false-alarm rate sist varied across response lag.
There was & significant maln effect of lag, F(4, 30) = 2425

Table Al
False-Alarm Rate for Lures in Experiment {

MEE = (.0D24, and & sigmificant wdersetion between lag and type of Ture,
F(B, 30 = 251, MSE = 0.0014. The rain effect of lag reflects the fact that
fafse alarms decreased with additional retrieval time. The interaction of
Tuve type and lag is complex but also informative. Inspection of Table Al
shows that false-alarm rates for both conditions mototoicatly decreased
across jag, however, the differences seross lag in false-alarm rate for the
two types of lures is nonmenatonie. The patter can be hiphlighted by o
type of d' scaling, here referred 10 as gy, scaling, in which the 7 score for
the false-alarm rate for Hst Jures is scaled against the false-afarm rate for
the nonlist hures {Desher, MeElree, Hood, & Rosedale, 1989; McElres,
Potan, & Facoby, 1999, McEiree & Dosher, 1989). With this scaling, a
di, > 0 denotes poorer pexformance as a result of a higher false-atarm rate
for st luares, a dp, << G denotes lower false-alarm rates for list tures, and
a dp, = 0 denotes equat faise-alarm rates,

Figure Al shows the dp, scaling for the average data. Inspection of the
observed di, values shows that they all tnd 1o be greater than 6, consistent
with: the ANCGVA showing a significantfy higher false-alarm rate for list
lares. The interaction of lag and lure type results from the nommonotonic
form of these functions. The functions reach a peak false-alarm rmte at
times ander 1 s and then diminish with further retrieva) time, If list and
eondist fures simply differed by a single factor, like averall famitiarity, then
dy.o vatves would monotonically rise to the ssymptotic difference in
familiarity. The pattern hers sugpests that responses early in retrieval were
based in part on an assessment of farnifiarity, which resulted in higher
false-alarm vates for Gie more famidiar Ust loes, but that addidonal infor-
mation was reirieved with furthes retrevid tme Bat served (o differentally
attensate false alarms based on high familianty values. Crucially, the time

Lag of response cue (ms)

N-back Eure 43 200 300 500 800 1,500 3000
lhark o+ lor2 000620037 O(45:0022 00920035 0018002 003200615 G000 20000 0013 > 0012
New 0108 = 0.041 G.064] £ 0023 0023 + 0011 2000 * 0.000 0018 = 0012 G.006 =+ 0.006 0012 & 0.007%
dback n+lor2 0136 x 0029 G.i0} + 0032 0098 * DGI7 0852 » 0020 Q08T x Q045 G039 * 8011 0.034 * 0021
New 0.1%6 = 0.027 0.645 = 0.033 0.022 £ 0021 Q087 £ 0007 0018 £ €.012 0012 + 0.411 0011 £ 5.007
Jback a4+ lor2 62250027 (189 = 0047 0,362 & 041 0.159 + 0045 0.093 x Q.040 (3132 = 0.039 0493 * 0.038
New 0117 + 0041 0084 £ 0039 0.046 & (0033 G.039 » 0027 0.044 = 0.030 6.032 = D025 0059 & (.027
Note.  Values represent sverage % standard error.

{Appendix continues)
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Accuracy (o)
1

-1

Proceasing Time (lag plug latency) ins

Figure Al Aversgo df, scaling of the falsc-alarm raes for I-back,
2-back, snd S-back Het Jures as a Ganetion of processing time (lag of the
response cue plus latency o respond io the cue) in Experiment 1. Smooth
curves show the best fits of the dual-process model (Equation Al).

at which the o, functiens decrease coincides with the rise portions of the
siatdand &' fumctions (cf. Figure 3) and appears {0 systematcally shift to
longer times as » incroases by an amouat comparable to the rate differences
observed i the fits of the standard 4’ functions, This suggests thet the
attennution of the high faise-ainrm rates for list lares was aiso mediated by
the secovery of opder infermation, A plausibie assumption is thet additional
retrieval time enabled participants to search backward in the list to recover
either the {correct) m-back item or the ordinal position of the lure in the fist.
In either case, the information recoversd by the search provides a basis on
which to attenuste the kgher false-afarm rate for the list jures,

¥ & search process was tsed to reject list lures, then the point in time at
which informution from the scarch becomes available showld differ as g
function of the r-buck condition. A doal-process retrieval model can be
used to examine whether the false-aiarm rateg observed here are consistent
with this comention, Ratciiff (1980) derived 2 two-process SAT model
from the diffusion (random walk) model (see Dosher et 2k, 1989, for an
application to & priming paradigm), and in McElree & Dosher (1989) this

approach was adapted to the exponential Frys:
l\t{i - G“ﬂ”,;)), for 85 < p e 83
- Ay A)(B, ~ B
4@ A, Q- 28, - B (1 — e Bty forte B,
(r— &)
(Al}

Equation Al states that doring an initiaf time shice {8, < ¢ < 8,) response
accuracy is contralled by the accrual of one type of information. Here it is
assened that early in setrieval, before search mformation was available, the
accrual of fanilianty information was the primary bacis for responding,
Accuracy during this period can be modeled by the twop equation, viz, by
a sirple exponential approach o the asymptoie A, where A, represents the
evidence devived from sn assessment of the lure's famitiarity, At time 4.,
the products of a search process begin (o accrue, because either the n-back
target or the position of the Jure has beer found. The net effact is to chift
response accuracy from the asymptote A; operative during the first peried
{8, < r < &) 0 8 now asymptots A, The M; parametor reflects the
evidence that is derived from the search, which is used to counter the high
farnikiarity valoes (A;) The second part of Equation Al estimates this new
agymptote and when the shift in processing begins (8,).

To test this hypothesis, the theee 47, functions were fit with 2 commen
Ay, B, and B parameter, but with separate 8, and A, parameters. Allowing
the {d,) parwmeter to vary with n-back instanfiates the notion that the
probability of a successful search varies with the recency. Aliowing &, 1o
vary {ests whether scarch time also varies with n, as is observed in the fits
of the standsrd o functions.'

The smooth functions in Figure Al show fits of this dual-process mode!
te the average dp, functions. The estimate of familiarity, A,, was 143 '

units in the average data and mnged from (083 to 1 3% across subjects. The
average A, parameters, represeating the corrective influence hypothesized
to arise from the search process, were estimated at 1,47, 1,33, and 128 &
units for 1-, 2-, and 3-back conditions, respectively. Althouph the average
parameters were oydered in the expected direction, viz., information de-
rived from a search was less likely to be recovered the further back the
subject was required to search, the differences across subjects were not
relizbie, F(2, 10y < 1. Crucially, the estimates of when search information
began to be available, 8, slso varied with » in the anticipated direction.
‘The average &, estimates were 265, 390, and 527 my for 1, 2-, and 3-back
conditions, respectively. Fhis ordering was reliable across subjects, F(2,
10) = 5081, MSE = 0.0438.

Error data are inherently Iess stable than are the standard &' Rmctions,
beiig based on a much siealler sample. Given this facy, it is nof unexpected
for a trend such us that seen in the &, parameters to be nonsignificant. What
is notable abont these emor data is the significant differences in the 8,
estirates. As with the dynamics differences seen in the fits of the standard
o functions, the longer &; estimates for lass recent list lures implicate 2
recency-based {hackward} search. Indeed, the fwo estimnates of search time
are remarkably closc. The average differences in the rate estimates of the
standard 4" functions were 231, 344, and 581 in (87%) ms anits for 1-, 2+,
amd 3-back conditions. The comparable &, estimates in the error data were
265, 380, and 527 ms.

Experiment 7

Table A2 tists the average false alarms for the 1-back, 2-back, 4-back,
and new (nonliet) hares int the exclosion task. An ANOVA on the srror rates
yielded a significant effect of Jure type, F(3, 18) = 3.76, M3E = 0.0408.
The average proportion of false dlarms were 058 for i-back, 163 for
Z-back, (127 for 4-back, and 033 for sew lares. These was 4 main effect
of lag, F{6, 36) = B.68, MSE = (.0041, and a significant ieraction of lag
and lore type, F(i8, 108) = 2.7, MSE = 00017, As with Bxperiment 1,
false alarms decreased with lag, but the differences between conditions
WETG 1oL proportional actoss jag.

A dy, scaling was again vsed to highlight time course differences. The
false-alarm vates for §-back, 2-back. and 4-back inzes were scaled againgt
the Talse-alarm: mate for new lares. Figure A2 shows the dp, scaling for the
average dats. As with Experiment 1, observed oy, values tend to be greater
than O eardy in retrigval, Al functions dsplay ciear nommonotonicity, with
a higher faise-slarm rate for times fess than 1 s compared with those later
in retrieval. To quantify these differences, the dusl-process mode {Equa-
tion A1) was fit to the average data and the individual participant’s data. As
before, the funcions were fit with & common A, parameser, refiecting the
strength of evidence derived from the famitiarity of the test probe, and
cotsmon dynamics paremetess, §; and 8, refiecting the accrgal of famdl-
iarity infovmaation. Each of the functions was fiv with & separate A,
reflecting the amount of evidence derived from the search process, and 2
sepasate &, measuring the point in time at which search information began
0 BCCTUL.

The smooth functions i Figure A2 show fits fo the average data. Fhe
average A, ostimates were 2,13 for 1-back, 202 for 2-back, and 1.70 for
4-back. This pattern js witat is expecied if the probability of finding the
position of the Iure in the list varies with receney. However, the differences
were not reliable across subjects. The time at which search information
became available, 8. was estimated at 346 ms for §-back and 471 ms in
2-back. Ali but I participant {D.A } showed this ordering, and =1 test on the

R might be further assumed that A, alsc varies with #, because the
famitiacity of an item typically decrcases with recency. However, allowing
this parameter to vary did not improve the averall fit and redoced the
overall adjusted-R* valne. There is simply not enough power in the error
dats to adequately test whether A also varied scross list lupes.
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Table A2
False-Alarm Rate for Exclusion Lures in Experiment 2

Lag of response cue {ms)

N-back 43 200 0 500 200 1,500 3,000

{-back 0.106 = 4027 8.120 = 0.044 G076 £ 0.033 0045 = 0.026 0.015 x G.0G8 G.020 ™ 6.008 0.025 + 0014
2-Dack. 0.226 £ 0078 6,215 = 0.086 0234 £ 0.0% 0.39% + 0089 0139 & G067 (082 + 6.058 6.063 * 0.046
4-back .149 + 0036 8117 © 0.031 3151 % 0.046 0.146 + 0.069 0.139 x G053 G.105 * 6.046 0.078 & 0.040
New 0079 £ 0.627 ¢.034 = 0.019 G026 = 0,015 0024 = 0045 0031 = G111 3,029 + 6.621 0.025 > 4,019

Note.  Values represent average & standard eor,

&, estimates was significant, H8) = L.53, p < .04, For 4-back lures, §, was
estimated st 485 ms, which is earlier than 2-back bt later than L-back.
However, these differences were not reliable. The &, difference between

"’ List Lisres in N-Back Exciusien
& 1=back {rstrsion
o 2-hack infrasion
U d-bopch: Irmtrusion
Fring
T oW
g
3
g s“:-:gl “““““““ 8
ST g
I T s .
- 3 “ 4
& 1 2 a

Procossing Time {lag plus iateney) ina

Figure A2. Average dp, scaling of the false-alaem rates for I-back
excinsion, 2-back exclusion, and 4-back exclusion list jures as 2 function of
processing time {lag of the response cne plos lalency to respond 1o the cued
in Experiment 2. Smooth curves show the best fits of the dual-process
mode} (Equation Al).

1-back and 2-back is suggestive of a search process: H, to reject & lure, &
search process was used to determine the ordinal position of the lure, then
one would expect 8, for 2-back 1o be eatlier than that for 3-back. However,
& simple search-to-reject notion is not consistent with the shorter 8, for
A-back thars for 2-back, despite the fact that thiv difference was nonsignif-
icant.

Caution is i order when drawing conclusions based on sparse error data;
reliable differences between the 8, for 2-back and 4-back may emerge with
2 larger sampie of errors. However, the ervor rates for the 4-back fures in
the ¢xclusion task were not found to be statistically diffesent from those for
the 4-back hoes in the includion task, F(1, 6) < 1, MSE = 0.022, por did
Lask interact with ag, F(5, 36) < 1, MSE = (L031, The false-alarm sate in
the 4-back exciusion condition constitutes an independent replication of the
ervor patterns for 4-back inclusion, and this suggests that the latter may be
2 representative sample. Although speculative, the faster correction time
for 4-back targets may have resalted from explicitly marking the torn as a
distractor once three subsequent Hems wers presented. IF the item was
secoded as & distractor, then direct retrieval of that information may have
circusnventod the need for & search process on some tnknowh proportion
of trials. ABternatively, &, times muy have been influenced by the groximity
of the n-back tarpet,
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