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Pure Perceptual-Based Sequence Learning

Gilbert Remillard
University of Winnipeg

Learning a sequence of target locations when the sequence is uncorrelated with a sequence of responses
and target location is not the response dimension (pure perceptual-based sequence learning) was
examined. Using probabilistic sequences of target locations, the author shows that such learning can be
implicit, is unaffected by distance between target locations, and is mostly limited to first-order transition
probabilities. Moreover, the mechanism underlying learning affords processing of information at antic-
ipated target locations and appears to be attention based. Implications for hypotheses of implicit sequence
learning are discussed.

Implicit sequence learning is sequence learning that is not the Another approach to establishing implicit sequence learning is
result of conscious, intentional processes and has been studieéd manipulate the availability of conscious processes. If sequence
using the serial reaction time (SRT) task. On each trial, a targekearning is explicit, then manipulations that affect the availability
appears at one of a number of locations on a monitor, and the keyf conscious processes to the SRT task should also affect sequence
corresponding to the location of the target is pressed. In moskearning. Thus, if such manipulations do not affect sequence learn-
cases, the sequence of target locations is deterministic. Sequenigr, this would suggest that sequence learning is implicit.
learning occurs when the repeating sequence of target locations Availability of conscious processes appears to be important for
elicits shorter reaction times (RTs) than does a random sequence géquence learning when the sequence of target locations is deter-
target locations. In other cases, the sequence of target locationsiginistic but not when it is probabilistic. For example, the impo-
probabilistic. Sequence learning occurs when, given previous tarsition of a secondary task on the SRT task, which presumably
get locations, more probable succeeding locations elicit shortefeduces the availability of conscious processes to the SRT task, has
RTs than do less probable succeeding locations. (a) no effect on sequence learning when the sequence of target

Most SRT task studies establish implicit sequence learning byocations is probabilistic (Cleeremans & Jimenez, 1998; Jimenez
assessing awareness of the sequence of target locations. SequegcRiendez, 1999; Schvaneveldt & Gomez, 1998) and (b) a nega-
learning that is explicit (i.e., the result of conscious processesjjive effect when the sequence of target locations is deterministic
would presumably lead to an awareness of the sequence of targetieeremans & Jimenez, 1998; Frensch, Buchner, & Lin, 1994;
locations. Thus, a lack of awareness of the sequence of targefensch & Miner, 1994; Heuer & Schmidtke, 1996: Hsiao &
locations would suggest that sequence learning was implicit. IlReper, 2001; Shanks & Channon, 2002; Stadler, 1995). Similarly,
many studies, (a) RTs reveal learning of the sequence of targefienting participants to the sequential structure of target locations,
locations, and (b) free-recall, cued-recall, or recognition tasksyhich presumably increases the availability of conscious processes
reveal no awareness of the sequence (e.g., Cleeremans & McClgl; the SRT task, has (a) no effect on sequence learning when the
land, 1991; Curran & Keele, 1993; Lewicki, Hill, & Bizot, 1988; sequence of target locations is probabilistic (Cleeremans & Jime-
McDowall, Lustig, & Parkin, 1995; Reed & Johnson, 1994; a7 1998: Jimenez, Mendez, & Cleeremans, 1996 see also D. V.
Stadler, 1989, 1993, 1995; Willingham, Nissen, & Bullemer, yowvard & Howard, 2001) and (b) a positive effect when the
1989). . o . . sequence of target locations is deterministic (Cleeremans & Jime-

A major criticism of SRT task studies has been that they fail tonez, 1998; Curran & Keele, 1993; Frensch & Miner, 1994). Fi-
identify which of a number of sequential constraints have been,,, advance cuing of the next target location, which presumably
learned, and therefore one cannot be certain that measures gf, s conscious processes toward the cue and away from learning
sequence awareness assessed awareness of the information lear. equence of target locations, has no effect on sequence learning

(Jr?Cklion & Jackson, |1995; Perru.chertl, Ci(allego, & S:vy, 1990\lvvhenthe sequence of target locations is probabilistic (Cleeremans,
Shanks, Green, & Kolodny, 1994; Shanks & St. John, 1994).1997; Jimenez & Mendez, 2001).

Rgcentl_y, Remillard and Clark_ (2(.)01) addressed this C”“C‘S”? by Overall, the evidence suggests that learning probabilistic se-
using highly controlled probabl_llstlc_ sequences of target Iocatlorjmences of target locations is implicit, whereas learning determin-
‘;]r.'dd shgwefl tha_i. peoplebcg_ln_t_lerzpllutly learn first-, second-, an stic sequences is to some extent explicit (for further support of this

ira-order transition probabilities. conclusion using a digit-sequence entry task, see Marsolek &

1 An nth-order transition probability, (A~ . . . -A,-A,), is the proba-
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gremilla@uwinnipeg.ca total number of times thah,- . . . -A,-A, occurs.
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Field, 1999). Cleeremans and Jimenez (1998) have proposed thatShowing that pure perceptual-based learning can be implicit has
implicit and explicit learning of deterministic sequences can occurimportant implications for hypotheses of implicit sequence learn-
simultaneously and involve, respectively, learning of transitioning. According to some researchers, responding motorically to
probabilities (see also Stadler, 1992; Stadler & Neely, 1997) anevents in a sequence is critical for learning the sequence of events.
learning of serial position information (i.e., the order of target For example, Ziessler (1994, 1998; Ziessler & Nattkemper, 2001)
locations). Thus it would seem that probabilistic sequences arargued that response-effect learning is the major component of
better suited than deterministic sequences for studying implicisequence learning. When exposed to a sequence of events, people
sequence learning. learn to associate the response to the current event with the next
event in the sequence because the next event is the “effect” of
) responding to the current event. Hoffman, Sebald, and Stocker
Pure Perceptual-Based Sequence Learning (2001) added that people will also learn to associate events in the
) i sequence if distinct events are the “effect” of distinct responses.
In most SRT task studies, the sequence of target locations 'ﬁlattkemper and Prinz (1997, see also Russeler, Hennighausen, &
correlgted with the sequence of responses because the key COMasler, 2001: Russeler & Rosler, 2000) suggested that learning a
sponding to the location of the target must be pressed. Thugeq ence of events occurs at a motor level, not at a perceptual
learning may involve a sequence of target locations (perceptl_JalreveL In contrast, Kelly and Burton (2001, Experiment 2) pre-
based learning), a sequence of response (e.g., key) locationg e data suggesting that learning a sequence of events can occur
(response-based learning), or a sequence of effector (e.g., fingeg} 5 perceptual level provided that events are responded to motori-
movgmer\ts (effector-based learning). Studies agree that sequentgyly. Finally, Willingham (1998, 1999; Willingham et al., 2000)
learning is not effector based (Cohen, Ivry, & Keele, 1990; Keele,, onqseq that learning a sequence of spatial locations involves the
Jennings, Jones, Caulton, & Cohen, 1995; Stadler, 1989; Willingzeation of a representation of the sequence in egocentric space
ham, Wells, Farrell, & Stemwedel, 2000) but disagree as to;nq that this is possible only if motor responses are directed to the
whether sequence learning is primarily response based (WI||Ing§patia| locations.
ham, 1999; Willingham et al., 2000) or is to some extent percep-  oiher researchers have suggested that effortful processing of
tual based (Keele et al., 1995; Stadler, 1989). events in a sequence is critical for learning the sequence of events
Some studies have examined whether pure perceptual-bas%gamwin & Kutas, 1997; Hartman, Knopman, & Nissen, 1989;
learning is possible—that is, whether perceptual-based learning isimenez & Mendez, 1999; see also Jiang & Chun, 2001). For
possible when target location is not the response dimension and ﬂ@(ample, Hartman et al. (1989) observed learning of a repeating
sequence of target locations is uncorrelated with the sequence ggqueme of words when the words had to be semantically cate-
responses. For example, Willingham et al. (1989) had participant§orized (an effortful task) but not when they simply had to be read
respond to the color of the target rather than to its location. The(an automatic task).
sequence of target colors was random, whereas the sequence OfContrary to the preceding hypotheses, showing that pure
target locations repeated. Thus, target location was not the rgserceptual-based learning can be implicit would suggest that mo-
sponse dimension, and the sequence of target locations was Ufric responding to or effortful processing of events in a sequence
correlated with the sequence of responses. RTs revealed no leafg-not necessary for implicitly learning the sequence of events. It
ing of the sequence of target locations, suggesting that purgould show that a sequence of target locations could be learned
perceptual-based learning is not possible. implicitly when target location is not the response dimension, that
A number of studies have shown that people can learn a repeajs, when target location is not responded to motorically or pro-
ing sequence of target locations by observing the sequence and n@éssed effortfully.
making any kind of response, suggesting that pure perceptual- One could argue, however, that pure perceptual-based learning
based learning is possible (Heyes & Foster, 2002; J. H. Howardinvolves oculomotor programming so that target location is re-
Mutter, & Howard, 1992; Seger 1996, 1997; Willingham, 1999; sponded to motorically. This is difficult to discount because the
but see Kelly & Burton, 2001). However, sequence awareness wasudden appearance of a stimulus in the visual field, as occurs in the
elevated in those studies, indicating that sequence learning magRT task, automatically programs an eye movement toward the
have been explicit rather than implicit. stimulus (Guitton, Buchtel, & Douglas, 1985; Ladavas, Zeloni,
Finally, in a conceptual replication of Willingham et al.’s (1989) zaccara, & Gangemi, 1997; Rafal, Calabresi, Brennan, & Sciolto,
target color experiment, Mayr (1996, see also Helmuth, Mayr, &1989; Rizzolatti, Riggio, & Sheliga, 1994; Theeuwes, Kramer,
Daum, 2000) used widely separated target locations (the fouHahn, & Irwin, 1998; Theeuwes, Kramer, Hahn, Irwin, &
corners of an imaginary square with a side length of 22.6° of visualZelinksy, 1999; Todd & Van Gelder, 1979). Thus, preventing
angle) and obtained evidence for pure perceptual-based learningculomotor programming in the SRT task is difficult.
Mayr reasoned that the four target locations in the Willingham et However, the attention—oculomotor literature suggests pure
al. (1989) study, which were horizontally arranged with adjacentperceptual-based learning is more likely to be associated with
locations separated by 4.7°, may have been too narrowly separatgstogramming shifts of visuospatial attention than with oculomotor
so that shifts of visuospatial attention or eye movements were ngbrogramming. First, eye movements are normally preceded by
large enough to permit perceptual-based learning to develop or tshifts of attention (Chelazzi et al., 1995; Deubel & Schneider,
be detected if it did develop. However, participants in Mayr's 1996; Godijn & Pratt, 2002; Hoffman & Subramaniam, 1995;
study had, on average, significant awareness of the sequence Kbwler, Anderson, Dosher, & Blaser, 1995; Posner, 1980; Rem-
target locations, suggesting that sequence learning may have beemgton, 1980; Stelmach, Campsall, & Herdman, 1997, Experiment
to some extent explicit. 2). Second, the mechanism for programming shifts of attention is
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independent of that for programming eye movements (Abrams &information is less complex than second-order probability infor-
Pratt, 2000; Deubel & Schneider, 1996; Deubel, Schneider, &mation, because in the former only the preceding target location is
Paprotta, 1998; Klein & Pontefact, 1994; Ladavas et al., 1997needed to differentially predict the next target location, whereas in
Posner, 1980; Rafal et al., 1989; Remington, 1980; Reuter-Lorenghe latter the preceding two target locations are required. Mayr
& Fendrich, 1992; Shulman, 1984; Stelmach et al., 1997; for 81996, Experiment 2) observed robust learning of a second-order
contradictory view, however, see Rizzolatti & Craighero, 1998; conditional sequence, suggesting that pure perceptual-based learn-
Rizzolatti et al., 1994). Finally, the sudden appearance of a stim-mg of relatively complex information is possible. However, the
ulus in the visual field, as occurs in the SRT task, automaticallysequence of target locations used by Mayr was deterministic, and
captures attention (Folk, Remington, & Wright, 1994; Jonides,yaicipants had, on average, significant awareness of the se-
1981; Jonides & Yantis, 1988; McCormick, 1997; Muller & Rab- o ,ance  Thus, the complexity of the information that can be
bitt, 1989; Remington, Johnston, & Yantis, 1992). Thus, it is learned perceptually and implicitly is currently unknown.

reasonable for one to assume that oculomotor programming is not The present study used six horizontally arranged target lo-

necessary fo_r pure pgrceptua_l—ba_sed Ie_a_rnlng and that alJtOmat(':%tions. With the exception of Experiment 3, targets were the
orienting of visuospatial attention is sufficient.

bigramsxo and ox, which required left and right key responses,
respectively. Thus, target location was not the response dimension.
The Present Study The sequence of targets, and hence responses, was unstructured

The present study had five goals, each designed to characteriffd independent of the sequence of target locations, which was
pure perceptual-based learning. The first goal was to show that sudpyobabilistically s.tructured. Given the prec.e.dlng targgt locations,
learning can be implicit. As discussed above, this has importanthere was one high- and one low-probability transition. Shorter
implications for hypotheses of implicit sequence learning. All of the RTs on high- than low-probability transitions would indicate pure
studies that have yielded pure perceptual-based learning have usegrceptual-based learning of the transition probabilities.
deterministic sequences of target locations, and most have producedBecause pure perceptual-based learning might be difficult to
significant awareness of the sequences. This is consistent with tiéetect with narrowly separated target locations (Mayr, 1996),
evidence reviewed earlier that learning deterministic sequences magnsitivity to learning of the transition probabilities was enhanced
be to some extent explicit. The present study used probabilistiby allowing knowledge of the transition probabilities to produce
sequences of target locations. The evidence reviewed earlier suggestsbstantial RT benefits and costs on high- and low-probability
that learning probabilistic sequences is implicit. Also, probabilistictransitions, respectiveOn a trial, each of the six locations was
sequences permit tight control over the constraints that are learnegharked with a bigramxo or ox chosen randomly with the con-
which is important for accurately assessing awareness of the infokstraint that Locations 1 versus 6, 2 versus 5, and 3 versus 4 were
mation learned (Remillard & Clark, 2001). Thus observing puremarked with different bigrams (e.g., see Figure 1, left panel, row
perceptual-based learning with probabilistic sequences of target 10cg)_ This ensured that there were three of each bigram and that low-
tions and no awareness of the information learned would be strongnqg  high-probability transitions were marked with different
evidence that such learning can be implicit. bigrams. The latter follows from the fact that Locations 1 versus 6,

The second goal was to show that pure perceptual-based leard-ye s 5 and 3 versus 4 were complements; that is, given the
ing is possible whgn target Iocati'ons are hor.iz.ontally arranged an%\rget locations on preceding trials, if one location (e.g., Location
separated by relatively narrow distances. Willingham et al. (19895) was the low-probability transition, then its complement (e.g.,

used four horizontally arranged target locations with adjacenﬁ_ocation 4) was the high-probability transition. After a 400-ms

locations separated by 4.7° of visual angle and found no evidencg . ) . -
. .. _“delay, a line appeared below the bigram marking the next location
for pure perceptual-based learning. In a conceptual replication,

Mayr (1996) used four target locations forming the corners of an” the sequ;}ence gf tlgrggt Iocatlolnsﬁ me;(ilattzly_fokilozvlngf are
imaginary square with side length of 22.6° and obtained evidenc&POnse to the underlined target (left key farand right key for

for pure perceptual-based learning. Mayr suggested that the fou.ﬂx)' the next trial began. Because the bigrams marking each of the

target locations in the Willingham et al. (1989) study may have
been too narrowly separated so that shifts of visuospatial attention 2The present method for enhancing sensitivity to learming of the tran

or eye mov_ements were not large enough t.o.pe.rmlt perceptualkon, probabilities was based on an approach used by Goschke (1998, pp.
based learning to develop or to be detected if it did develop. Thej16-419; Goschke, Friederici, Kotz, & Kampen, 2001) for studying im-
present study used displays that were narrower than the 14.2jlicit learning of a repeating sequence of auditorily presented letters. On
separation between the leftmost and rightmost target locations inach trial in those studies, the four possible letters were displayed as a
the Willingham et al. (1989) study. random letter string on a monitor (e.&£DPBA) and 500 ms later, a target
The third goal was to determine whether pure perceptual-base@tter was presented auditorily (e.g., “D"). Immediately after the key
learning is affected by distance between target locations. Acrosgorresponding to the location of_ the target letter i_n the letter _string was
experiments, the width of the display was narrowed. If IearningpreSSEd (e.q., th.e key for Location 2),' the r'le'xt trial pegan with another
random letter string. RTs decreased with training and increased when the

does not differ across experiments, this would suggest that it is 7 ;
. . Sequence of auditorily presented letters became random. According to
unaffected by distance between target locations.

. . . Goschke (1998), participants located the anticipated target letter in the
The fourth goal was to determine the complexity of the infor- eyer string during the 500-ms interval and prepared the response corre-

matio_n that_ can be |e_amed perceptually. Pure perceptual_'bas%éonding to its location in the string. This produced RT benefits which,
learning of first- (Experiments 1-3) and second-order (Experimentvhen the sequence became random, disappeared and perhaps turned to
4) transition probabilities was examined. First-order probability costs as incorrect responses were prepared.
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DPresent Absent
OX XO XO O0X OX XO until OX mn nm mn nm mn
-- response --
XO XO O0OX XO OX O0X 400 ms mn mn mn nm nm nm
X0 XO OX XO O0X O0X until mn mn wmn Xo nm nm
-- response --
OX XO OX X0 O0X XO 400 ms nm mn mI nm nm mn
OX XO OX XO OX XO until nm X0 mn nm nm mn
- response - -

Figure 1. An example sequence of events in the present and absent conditions corresponding to the sequence
of target locations 1-4-2 and the sequence of taretso-x0. Location 1 could be followed by Locations 3

or 4, which are marked by different bigrams (row 2), and Location 4 could be followed by Locations 2 or 5,
which are marked by different bigrams (row 4).

six locations were chosen pseudorandomly on each trial, the bighe sequence of target locations was replaced with an underlined
ramsxo andox were equally likely to mark each location. targetxo or ox. Thus, processing of a potential target during the
If participants learn that given the preceding target locations400-ms interval was not possible in this condition. Immediately
location A (e.g., location 4) is a more likely transition than location following a response to the underlined target, the next trial began.
B (e.g., location 3) then they might process, during the 400-ms The conditions in which the location markers wei@-ox and
interval, the bigram marking location A and prepare the corre-mn-nm were named theresentand absentconditions, respec-
sponding response. This should produce an RT benefit if locatiotively, because the target was either present or absent during the
A is underlined and a cost if location B, which is marked with a 400-ms interval. The present and absent conditions were identical
different bigram requiring a different response, is underlined. in all other respects. It is reasonable, therefore, to assume that
Enhanced sensitivity to learning of the transition probabilities islearning of the transition probabilities would be equivalent in the
contingent on processing the bigram marking the high-probabilitytwo conditions. Thus, a larger RT difference between low- and
transition during the 400-ms interval. This raises an interestinghigh-probability transitions in the present than in the absent con-
question: Does the mechanism underlying pure perceptual-basetition would have to be attributed to the former’s greater sensi-
learning afford processing of information at an anticipated targetivity to learning because of processing, during the 400-ms inter-
location before the cue (i.e., an underline) is presented at theal, of the bigram marking the high-probability transition.
location, or does it afford processing only after the cue is presented
but with increased efficiency? For exgmple,_ if the_ mechar_lism is Experiment 1
assumed to be a program for successive orientations of visuospa-
tial attention (Posner & Rothbart, 1992), then the question might The SRT task consisted of six target locations, two targets, and
be whether an attentional shift to the anticipated target location iswo response keys. The left and right keys were pressed in re-
programmed and executed before the cue or programmed befosponse to the targetso and ox, respectively. The sequence of
the cue but executed only after the cue. Mayr (1996) raised aesponses was unstructured in that first-order probabilities were
similar question when he noted that “presumably, implicit learning.50. For example, if the left key was pressed on triall, then the
of the spatial sequence either allowed participants to make antigerobabilities of a left and right key response on ttialere each
ipatory eye [or attentional] movements to correct locations or.50. In contrast, the sequence of target locations was structured
reduced the threshold for correct eye [or attentional] movementsvith first-order probabilities of .33 and .67. For example, if Lo-
once the object appeared on the screen” (p. 359). cation 1 was the target location on trtat 1, then the probabilities
The final goal was to show that the mechanism underlying pureof Locations 3 and 4 being target locations on ttialight be .33
perceptual-based learning affords processing of information at aand .67, respectively. Thus shorter RTs on high- than low-
anticipated target location before the cue is presented. To this engrobability transitions would be evidence for pure perceptual-
a second condition was introduced in which location markers weréased learning of first-order probabilities. The present and absent
the bigramsmnandnm On a trial, each of the six locations was conditions were as described earlier.
marked with a bigranmn or nm chosen randomly with the con- RTs on low- and high- probability transitions were calculated as
straint that Locations 1 versus 6, 2 versus 5, and 3 versus 4 wer function of type of run completed. Four types of five-element
marked with different bigrams (e.qg., see Figure 1, right panel, romruns were identified in the probabilistic sequences of target loca-
2). After a 400-ms delay, the bigram marking the next location intions on the basis of the first and second elements being equal (E)
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or unequal (U) to the fourth and fifth elements, respectively (see Structure of the sequences of target locationketting the Numbers
Table 1). For example, 1-4-2-1-3 is an EU run because the first—6 represent the six target locations from left to right, respectively, Table
and fourth elements are equal and the second and fifth elements a#ePresents the third-order probabilities and frequencies that were inherent

unequal. RT to the last element may be shorter for EE runs iin the sequences of target locations across every two blocks of trials. For
which repetition of a bigram is correctly primed (e.g., 1-3-2-1 example, row 1 indicates that the sequence 3—-2-1 was followed 4 times by

primes 3, and 3 occurs), than for UE runs. Likewise, RT to the IaSLLocatlon 3 and 8 times by Location 4; that is, P(3|3-2=1)33 (low-

. . . . probability transition; L), and P(4|3—-2-F .67 (high-probability transi-
element may be longer for EU runs, in which repetition of a blgramtion; H). Row 9 indicates that the sequence 1-3-2 was followed by 1 four

is incorrectly prlmgd (e.g., 1-4-2-1 primes 4, but 3 occur§), thariimes and by 6four times; that is, P(1|]1-3=2)50, and P(6]1-3-2F .50

for UU runs (Remillard & Clark, 2001). A greater proportion of (eqium-probability transitions; M). Set 2 transitions (L2, H2) immedi-
high- than low-probability transitions in the present study com-aeely followed Set 1 transitions (L1, H1) in the sequences of target
pleted the faster EE and UU runs, and therefore type of runocations. Of interest were the first-order probabilities, which were .33, .50,
completed was a confound. By calculating RT as a function of rurand .67. For example, rows 1-4 indicate that Location 1 was followed 12
and averaging across runs, RTs on low- and high-probabilitytimes by Location 3 and 24 times by Location 4; that is, P(3{183, and
transitions are equally affected by the different runs. Finally,P(4|1)= .67.

greater RT differences between runs in the present than absentThe sequential structure was controlled so that certain types of infor-
condition would suggest that the priming mechanism affords pro_mation were not confounded with first-order probability. Each location was

cessing of information at a primed target location before the cud frgetlocation equally often (i.e., P[EP[2] = ... = P[6] =.17), Lag 3
(i.e., an underline) is presented probabilitie$ were 0.50 (e.g., P[4|3—X = 0.50), and Lag 2 probabilities

and probabilities of the form EBJA,—A,—x] were 0.44, 0.50, or 0.56 (e.g.,
P[3|2x] = 0.50, and P[5]2—-¥ = 0.56). Thus shorter RTs on H than L
Method transitions would be evidence for learning of the first-order probabilities,
although learning of second- or third-order probabilities cannot be ruled
) . S ut, because these were completely confounded with first-order probability
nipeg, Manitoba, Canada) undergraduates ranging in age from 18 to 2 .
ytleparg ! ) u gradu ging in ag e.g., P[3|1]= P[3|2-1]= P[3|3—-2-1]= .33). The confound is addressed
SRT task. The SRT task was run on a personal computer with standard” 'I:Experm;]ent 4_' . g . ir of trial blocks. th ‘
monitor and keyboard. Millisecond timing was implemented using Bovens or each participant and successive pair of trial blocks, the sequence o

and Brysbaert's (1990) routine. The six target locations were horizontall)}‘r’“rgEt locations was _generate_d by submitting the frequencies in Table 2 to
arranged and marked with the bigrassandox in the present condition a sequence-generation algorithm that randomly generated a 219-element

andmnandnmin the absent condition. At a viewing distance of approx- sequence with the specified frequencies (Remillard & Clark, 1999). Ele-
imately 55 cm, each bigram was 0.62° of visual angle in width and 0.42°ments 1-110 and 110-219 each constituted a block of 110 trials. For the

in height, and the centers of adjacent bigrams were separated by 2.8°. Tlpéactice block of 99 trials gt the beginning of Session 1, the frequencies in
centers of the bigrams marking the leftmost and rightmost target locationd aPIe 2 were replaced with the number 2. Thus the sequence of target
were separated by 14.0° (the width of the display). The red-sticRerei locations in the practice block was unstructured, in that first-, second-, and
M response keys, on which participants placed their left and right indexhird-order probabilities were .50. _ _
fingers, corresponded to the targetsandox, respectively. There were six versions of Table 2. Version 1 was Table 2 itself.

There were three sessions, one on each of 3 consecutive days. Ea¥¢rsion 2 was formed from Table 2 by exchanging L and H transitions.
session was composed of 16 blocks of trials with 110 trials per block. The/€rsion 3 was created by having the top, middle, and bottom thirds of
nature of a trial is described in the Experimental Conditions section belowTable 2 describe M, L2-H2, and L1-H1 transitions, respectively. Version 4
Session 1 began with a practice block of 99 trials. was formed from Version 3 by exchanging L and H transitions. Version 5

A performance history was provided at the end of each block. Thewas created by having the top, middle, and bottom thirds of Table 2
numbers 1-16 appeared vertically along the side of the screen. Beside tiiescribe L2-H2, L1-H1, and M transitions, respectively. Version 6 was
number for a completed block, one of two types of information was formed from Version 5 by exchanging L and H transitions. The frequencies
displayed. If 6% or more of the responses in the block were incorrect, thdor each version appear in Appendix A.
messageoo many errorsand the error rate were displayed. Otherwise, a  Each five-element run was classified into one of four types on the basis
horizontal line, its length representing the average RT of correct responsesf the first and second elements being equal or unequal to the fourth and
and the average RT were displayed. After a 10-s break, participant§fth elements, respectively (see Table 1). A First (E, ¥)Last (E, U)
initiated the next block of trials at their discretion by pressing a key in interaction with RT to the last element being shorter for EE than UE runs
response to a prompt on the screen. and longer for EU than UU runs would indicate the presence of priming

effects.
Structure of the sequences of targets and responsEse sequences of
targets, and hence left and right key responses, were unstructured and

Participants. The participants were 24 University of Winnipeg (Win-

Table 1 independent of the sequences of target locations. For each participant and
Types of Runs successive pair of trial blocks, the sequence of targets was generated by
submitting the frequencies in Table 3 to a sequence-generation algorithm
Run Example that randomly generated a 227-element sequence with the specified fre-
guencies (Remillard & Clark, 1999). For example, the sequence 1-1-1 was
EE 1-3-2-1-3 followed 14 times by Target 1 and 14 times by Target 2. Elements 1-110
UE 6-3-2-1-3
EU 1-4-2-1-3
uu 6-4-2-1-3

3 A lag n probability, PEJA-x- . . . x), where the number ofs isn — 1,
Note. Five-element runs were categorized as a function of the first ands the probapility of an evgrE ogcurring on triak given th_e occurrence of
second elements being equal (E) or unequal (U) to the fourth and fiftheventA on trialt — n, and is defined as the number of times tBatccurs
elements, respectively. n trials ahead ofA divided by the total number of times thatoccurs.
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Table 2

REMILLARD

Third-Order Probabilities (and Frequencies) Inherent in the Sequences of Target Locations
Across Every Two Blocks of Trials (Experiments 1-3)

Previous target
locations

Next target location

3 4 5 6

mNmNmNmNmr—\mr—\?r—\mr—\bwbwbwbw
mmppmmpphbww?bwwmmwmmmwm

I 1
] |
AR OWOWWOACIUIONNNNOOOOORRFEPREE

— H2 (4)
— H2 (4)
— H2 (8)
— H2 (8)
— L2 (4)
— L2 (4)
— L2 (2)
— L2 (2)

L1 (4) H1 (8) — —
L1 (2) H1 (4) — —
L1 (2) H1 (4) — —
L1 (4) H1 (8) — —
H1 (8) L1 (4) — —
H1 (4) L1 (2) — —
H1 (4) L1 (2) — —
H1 (8) L1 (4) —

— — L2 (2) -
— — L2 (2) —
— — L2 (4) —
— — L2 (4) —
— — H2 (8) —
— — H2 (8) —
— — H2 (4) —
— — H2 (4) —

Note. Dashes indicate

that transitions did not occur. Probabilities= L33; M = .50; H = .67. L1 =

low-probability transition from Set 1; HE high-probability transition from Set 1; M= medium-probability
transitions; L2= low-probability transition from Set 2; HZ high-probability transition from Set 2.

and 111-220 each constituted a block of 110 trials. Elements 221-227 welleey corresponding to the underlined target. Immediately after a correct
excluded, and therefore the frequencies in Table 3 were not exact across thesponse, the line was erased, and the location markers were changed as
two blocks of trials. Thus, across every two blocks of trials, first-, second-,follows: If the target location on trial + 1 was Location A ando (0x)
and third-order probabilities in the sequences of targets were approxiwas the target on trial + 1, then bigranmxo (ox) marked Location A.
mately .50. For the practice block of 99 trials at the beginning of Session 1Bigrams to mark the remaining locations were chosen randomly with
the frequencies in Table 3 were replaced with the number 6.
Experimental conditions. In the present condition, location markers marked with different bigrams. This ensured that L versus H transitions
were the bigramso andox. On trial t, a double dash (—) appeared were marked with different bigrams. After a 400-ms delay, ttial 1
below a bigram marking one of the locations. Participants pressed th@egan with the line appearing below the bigram marking Location A

Table 3

the constraint that Locations 1 versus 6, 2 versus 5, and 3 versus 4 were

(see Figure 1).

In the absent condition, location markers were the bigram&ndnm
On trialt, a targetxo or ox replaced a bigrarmnor nmmarking one of the
locations, and a double dash appeared below the target. Participants

Frequencies for the Sequences of Targets Across Every TWO  pressed the key corresponding to the underlined target. Immediately after

Blocks of Trials (Experiments 1—-4)

a correct response, the target and line were erased, and the location markers

Next target

were changed at random with the constraint that Locations 1 versus 6, 2
versus 5, and 3 versus 4 were marked with different bigrams. After a
400-ms delay, triat + 1 began. It is important to note that during the
400-ms interval, the identity of the marker at any given location was not

Previous targets 1 2
1-1-1 14 14
1-1-2 14 14
1-2-1 14 14
1-2-2 14 14
2-1-1 14 14
2-1-2 14 14
2-2-1 14 14
2-2-2 14 14

predictive of the upcoming target.

The present and absent conditions were identical except for the bigrams
marking the six locations. Thus it is reasonable to assume that learning of
the first-order probabilities would be equivalent in the two conditions. A
larger RT difference between L and H transitions in the present than absent
condition would thus have to be attributed to the former’s greater sensi-
tivity to learning because of processing, during the 400-ms interval, of the
bigram marking the high-probability transition and preparation of the

Note. Targetsxo and ox required left and right key responses, respec- corresponding response. Such preparation should produce RT benefits if

tively. Target 1= xo; Target 2= ox.

the line appears below the bigram marking the high-probability transition
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or RT costs if it appears below the different bigram marking the low-  Analyses of variance (ANOVAs) with transition (L, H), set (1,
probability transition. _ ' ' 2), first (E, U), last (E, U), and session (1, 2, 3) as within-subject
Assuming that priming effects associated with the different types of runsgctors were performed on the RT data from the present and absent
were equivalent in the present and absent conditions, a larger RT differencgyditions. When comparing the two conditions, condition
between UE and EE runs and between EU and UU runs in the preser(bresent’ absent) and version (1—6) were introduced as between-

condition than in the absent condition would have to be attributed to the

former’s greater sensitivity to priming effects due to processing, during theSUbJeCts factorS. The session factor was broken into its linear

400-ms interval, of the bigram marking the primed location (in the case of(sess'o_n L) gnd quad_ranc (Session Q) c_om_ponents. None of the
EE and EU runs) and preparation of the corresponding response. Sud@ffects involving Session Q approached significance, and therefore
preparation should produce RT benefits if the line appears below thénly effects involving Session L are reported. Tests for the effect
bigram marking the primed location (EE runs) or RT costs if it appearsof transition and the Transitiork Condition interaction were
below the different bigram marking the unprimed location (EU runs). one-tailed. Shorter RTs on H than L transitions and a greater
Awareness questionnaire The questionnaire to assess awareness of thegifference in the present than absent condition were expected.
first-order probabilities consisted of six items with two options per item. Tests for all other effects were two-tailed. Alpha was 505.
The items werd—>34,6—>34,2—~165-163—25 and4 -2 Learning of first-order probabilities. In the present condition,

5. For each item, numbers represented target locations, and participants ha%je effect of transitionF(1, 11) = 5.86, MSE = 13,275.09p =

to choose the high-probability transition. For example, the first item o . . . _
required an indication of whether the double dash, after appearing in017‘ and the Transitionx Session L interactionF(1, 11) =

Location 1, was more likely to appear in Location 3 or Location 4 next. 16.24,MSE = 1,629.83,p = .002, were significant. Thus RT
Four items pertained to L—H transitions and two items pertained to MWas shorter on H than L transitions, and the difference increased
transitions. Scores greater than 50% correct (random guessing perfoRCross sessions. This clearly indicates learning of the first-order
mance) on the four items pertaining to L—H transitions indicated awarenesprobabilities.

of the first-order probabilities. For participants’ reference while completing  In the absent condition, the effect of transition was significant,
items, each of the six locations was marked with the bigrarandnn in F(1, 11)= 3.55,MSE= 6,138.25p = .043, and the Transitiox

the present and absent conditions, respectively. Session L interaction was ndg(1, 11) = 1.44, MSE = 539.77,

Procedure. Two participants were randomly assigned to each of the 12 = _ 256. Thus RT was shorter on H than L transitions, indicating
cells created by crossing condition (present, absent) and version (1-6) of .~ . - ’
arning of the first-order probabilities.

Table 2. At the beginning of Session 1, the SRT task was described, ané" . -, .
participants were instructed to try to improve their RT with practice while _ When Comp_a.rlng.the pre;ent and absent COI’.]dIt!O_nS, the Transi-
keeping their error rate below 6%. The structure underlying the sequencion X Condition interaction approached significandg(l,
of target locations was not mentioned. Immediately following the last block12) = 3.13, MSE = 2,746.65,p = .051, and the Transitiox

of Session 3, the awareness questionnaire was administered. Condition X Session L interaction was significang(1,
12) = 8.94,MSE = 1,016.76,p = .011. Thus the RT difference
Results and Discussion between L and H transitions increased at a faster rate across

sessions in the present than absent condition. In Session 3, the
For each participant, the median RT of correct responses Wag,ansition X Condition interaction was significantE (1,
determined as a function of transition (L, H), set (1, 2), run 12) = 9.04,MSE = 1,334.04p = .006. Thus the RT difference
completed (EE, UE, EU, UU), and session (1, 2, 3). The resultg)erween L and H transitions was greater in the present than absent
appear in the left panel of Figure 2. condition. Assuming that learning of the first-order probabilities
was equivalent in the present and absent conditions, the results
suggest that in the present condition, participants processed, during

690+ Exp. 1 Exp. 3 the 400-ms interval, the bigram marking the high-probability
6704 transition.
6501 :;b Priming effects. Averaging across transition (L, H), set (1, 2),
o AL and session (1, 2, 3), RTs on EE, UE, EU, and UU runs were,
2 6301 AR respectively, 547, 553, 548, and 540 ms in the present condition
5 6101 and 540, 540, 539, and 536 ms in the absent condition. In the
£ 500 present condition, the First Last interaction was significarf(1,
é 5701 11) = 14.41,MSE= 478.70,p = .003, reflecting the shorter RTs
§ 550
5301 \\ 4 There was considerable variability in RT differences between L and H
5104 transitions across the six versions of Table 2. To remove this variability
from the error terms and increase the sensitivity of tests of Transiion
4907 Condition interactions, version (1-6) was introduced as a between-subjects
470 7 3 : 3 3 factor.
Session 5 Error rates were also examined. Across experiments, most results did

not approach significancep$ > .10). The exceptions generally reflected a
Figure 2. Reaction time, averaged across set (1, 2) and run (EE, UE, EUpattern of error rates that paralleled the pattern of RTs (e.g., a higher error
UU), as a function of transition (L, H), session (1, 2, 3), condition (present,rate on L than on H transitions, or a larger error rate difference between L
absent), and experiment (1, 3). There was no absent condition in Experand H transitions in the present than in the absent condition). Thus there
ment 3. P= present condition; A= absent condition; |= low-probability was no evidence that RT differences between L and H transitions and
transition; H= high-probability transition; Exp= Experiment. between runs were due to speed—accuracy tradeoffs.
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on EE than UE runs and longer RTs on EU than UU runs. Thusgconditions were identical except for the bigrams marking the six
priming effects were present. The First Last X Session L locations and were equally difficult, as indicated by similar overall
interaction was not significanf(1, 11) = 2.53, MSE = 439.70, RTSs, it cannot be ruled out. In Experiment 2, participants alter-
p = .140. nated between the two conditions. | assumed that under those

In the absent condition, the Firsk Last interaction,F(1, circumstances, knowledge of the first-order probabilities in the
11) = 2.47,MSE = 104.28,p = .145, and the Firs Last X present condition would fully transfer to the absent condition. A
Session L interactior;(1, 11) = 2.68,MSE= 235.23,p = .130, replication of the present—absent differences in Experiment 1 could
were not significant. Thus, there was no evidence for primingthen not be attributed to differences in knowledge of the first-order
effects. probabilities.

When comparing the present and absent conditions, the>kirst ~ Complete transfer of first-order probability knowledge from the
Last X Condition interaction was significanE(1, 12) = 20.92,  present condition to absent condition is a strong assumption and
MSE = 107.30,p = .001, reflecting the greater RT difference may be difficult to verify empirically. However, | tested for some
between UE and EE runs and between EU and UU runs in théransfer by comparing performance in two groups. In the consistent
present than absent condition. Assuming that priming effects wergroup, L—H transitions in the absent condition were the same as
equivalent in the two conditions, the result suggests that in thehose in the present condition; in the inconsistent group, L—H
present condition participants processed, during the 400-ms intetransitions in the absent condition were opposite those in the
val, the bigram marking the primed target location (in the case oforesent condition. For example, if 1-3 was an L transition in the
EE and EU runs). The Firsk Last X Condition X Session L  present condition, then in the absent condition it was an L transi-
interaction was not significang(1, 12) < 1. tion in the consistent group and an H transition in the inconsistent

The above results were generally replicated in the variougroup. Likewise, if 1-3 was an H transition in the present condi-
groups of Experiment 2 as well as in Experiments 3 and 4. Thustion, then in the absent condition it was an H transition in the
priming effects will not be discussed further, in order to focus onconsistent group and an L transition in the inconsistent group.
the more important issue of learning-transition probabilities. If there is no transfer of first-order probability knowledge from

Overall RTs. Overall RTs (i.e., RT averaged across L and H the present condition to the absent condition, then RT differences
transitions) were similar in the present and absent conditions. Thbetween L and H transitions in the absent condition should have
effect of conditionF(1, 12) < 1, and the Conditiork Session L been similar in the consistent and inconsistent groups. Conversely,
interaction,F(1, 12)= 2.17, MSE = 6473.59,p = .166, were not  if there was some transfer of knowledge, then RT differences
significant. Thus the larger RT differences between L and Hbetween L and H transitions in the absent condition should have
transitions and between runs in the present than absent conditidreen smaller in the inconsistent group than in the consistent group.
were not an artifact of overall RT differences between conditions The second purpose of Experiment 2 was to use a shorter
(e.g., see Chapman, Chapman, Curran, & Miller, 1994; Currangdistance between adjacent target locations than that used in Ex-
1997, p. 27) nor the result of differences in difficulty (e.g., greaterperiment 1. The distance between the centers of adjacent bigrams
learning of the first-order probabilities or greater priming effects inwas reduced from 2.8° of visual angle to 1.8°. Thus, the distance
the present than absent condition because the former was more between the centers of the bigrams marking the leftmost and
less difficult than the latter). rightmost target locations was reduced from 14.0° to 8.8°.

Awareness of first-order probabilities.On the awareness
guestionnaire, the percentage of the four items pertaining to L—
transitions receiving correct responses (i.e., for which H transition ethod
were chosen) was determined for each participant. In both the Participants. The participants were 24 University of Winnipeg under-
present and absent conditions, scores were 56.25%, which did ngtaduates ranging in age from 17 to 34 years.
differ Signiﬁcanﬂy from what would be expected by random SRT task. The SRT task was identical to that in Experiment 1 except

guessing (50%), botRs(1, 11)< 1. Thus, there was no evidence that adjacent target locations were more narrowly separated (see above),
for awareness of the first-order probabilities and in each session training alternated between the present and absent

conditions. In one order, Blocks 1-2, 5-6, 9-10, and 13-14 were the
) present condition and Blocks 3—4, 7-8, 11-12, and 15-16 were the absent
Experiment 2 condition. In the other order, the assignments were reversed. Session 1

o ) began with a practice block of 99 trials performed under the present
Results from the present condition in Experiment 1 show that (&}ondition.

pure perceptual-based learning of first-order probabilities is pos- Structure of the sequences of target locationShe sequences of target
sible when target locations are horizontally arranged and separateckations were structured and generated as in Experiment 1. L-H transi-
by relatively narrow distances and (b) such learning can be imdions in the absent condition were the same as those in the present condition
plicit. Moreover, the present—absent differences in performancé the consistent group and opposite those in the present condition in the
suggest that the mechanism underlying pure perceptual-basé@)consiStent group. Specifically, if the sequential structure in the prgsent
learning affords processing of information at an anticipated targefond't'on was Version 1, 2, 3, 4, 5, or 6 of Table 2, then the structure in the

location before the cue (i.e., an underline) is presented absent condition was, respectively, Versions 1, 2, 3, 4, 5, and 6 in the
- P ) consistent group and Versions 2, 1, 4, 3, 6, and 5 in the inconsistent group.

Alternatively, the present-absent qn‘ferences _'n performance Structure of the sequences of targets and responsEse sequences of
C(.)_u.ld h_ave been due to greater learning of th_e_ first-order probag,gets, and hence left and right key responses, were generated as in
bilities in the present than in the absent condition rather than tqxperiment 1.

processing bigrams marking anticipated target locations in the Experimental conditions. The present and absent conditions were as in
present condition. Although this is unlikely, given that the two Experiment 1.
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Awareness questionnaire The awareness questionnaire was identical Although RT differences between L and H transitions did not
to that used in Experiment 1. For each item, participants had to choose thgiffer significantly across the two groups, there is some evidence
high-probability transition. There was no mention of whether they shouldi, 5 performance in the inconsistent group was impaired by the
refer to the present or absent condition. For participants’ reference Wh“‘?‘eversal of L and H transitions across the present and absent

completing items, each of the six locations was marked with the bigkam o . . .
Procedure. The consistent and inconsistent groups were each run in acond'tlons' The RT difference between L and H transitions did not

separate experiment with 12 participants per group. Within each group, increase significantly across sessions in the inconsistent group, but
participant was randomly assigned to each of the 12 cells created bif did do so in (a) the consistent group, (b) Experiment 1, (c) two
crossing order of present-absent blocks (one, two) and version (1-6) faother “consistent” groups to be described in tBeerall RTs

the present condition. In all other respects, the procedure followed that ofconsistent groupection below, and (d) the next experimént.

Experiment 1. Finally, RT differences between L and H transitions in the
) ) consistent group were nearly identical to those in the present
Results and Discussion condition of Experiment 1 even though the consistent group re-

For each participant, the median RT of correct responses wakeived half the training in the present condition (24 blocks vs. 48

determined as a function of transition (L, H), set (1, 2), run blocks across three sessions). This, together with the evidence for

completed (EE, UE, EU, UU), session (1, 2, 3), and conditionimpaired performance in the inconsistent group, suggests that there
(present, absent). The results appear in Figure 3. was some transfer of first-order probability knowledge from the
ANOVAs were as in Experiment 1, except that condition absent condition to the present condition.
(present, absent) was a within-subject factor. When comparing the Absent condition. In the consistent group, the effect of transi-
consistent and inconsistent groups, group (consistent or inconsigion was not significantF(1, 11) = 2.37, MSE = 5,155.73p =
tent) and version (1-6) were introduced as between-subject976, and the TransitiolX Session L interaction was significant,
factors. F(1, 11) = 15,55, MSE = 641.47,p = .002. Thus, the RT
Present condition. In the consistent group, the effect of tran- difference between L and H transition increased across sessions. In
sition, F(1, 11) = 7.72, MSE = 11,476.34,p = .009, and the Session 3, RT was shorter on H than L transitid¥(4, 11)= 5.19,
Transition X Session L interaction,F(1, 11) = 10.47, MSE = 3,169.62,p = .022.
MSE= 1,757.16p = .008, were significant. Thus, RT was shorter  |n the inconsistent group, both the effect of transiti6ifl,
on H than on L transitions, and the difference increased acrosg1) < 1, and the Transitionx Session L interactionfF(1,
sessions. This indicates learning of the first-order probabilities. 11) = 1.65MSE = 845.56,p = .226, were not significant. Thus,
Inthe inconsistent group, the effect of transition was significant.there was no evidence for shorter RTs on H than on L transitions.
F(1,11)= 5.03,MSE= 7,076.85p = .023, and the Transitiox When comparing the consistent and inconsistent groups, the
Session L interaction was nd¥(1, 11)= 1.72,MSE= 3,137.72,  Tyapsition X Group interaction was not significanf(1,
p = .217. Thus RT was shorter on H than on L transitions, and theiz) = 2.40, MSE = 1,049.68,p = .147, and the Transitiox
difference did not change significantly across sessions. Group X Session L interaction was significafi(1, 12) = 19.85,
Whgn comparing the cpn5|stent and inconsistent groups, thE/ISE: 473.93,p = .001, reflecting the increasing RT difference
Tra_nsmonx Group interactionf(1, 12)= 2.08 MSE= 2,850.26, o yeen L and H transitions across sessions in the consistent but
E (I 1127)5= inldgt&esgfnlsg;g gigoip ;9 GS ﬁ:'rznnlgt';tger:ﬁg:nr:’ not the inconsistent group. In Session 3, the Transitofsroup
’ T e o " interaction was significang(1, 12)= 20.02,MSE= 432.29,p =
.001. Thus, the RT difference between L and H transitions was

690- Consistent Inconsistent greater in the consistent than in the inconsistent group. The pre-

6701 ceding results strongly suggest that there was some transfer of

6504 :ﬁ; first-order probability knowledge from the present condition to the

630 «}2; absent condition. Otherwise, the pattern of RT differences between
1 A

L and H transitions would have been similar in the consistent and

6104 ; .
inconsistent groups.

590+

8 Further evidence for impaired performance in the inconsistent group
comes from the first block of the present condition after switching from the
5304 absent condition. Combining the data from Sessions 2 and 3 to obtain a
510 sufficient number of observations, the median RT of correct responses in

the present condition was determined as a function of transition (L, H), set
(1, 2), run completed (EE, UE, EU, UU), and block after a switch (first,
1 > second) for each participant. The RT difference between L and H transi-
Session tions was significantly greater in the consistent than in the inconsistent
group in the first block (35 vs. 15 mg = .018), but not in the second
Figure 3. Reaction time, averaged across set (1, 2) and run (EE, UE, EUblock (34 vs. 23 msp = .249). In the inconsistent group, the RT difference
UU) as a function of transition (L, H), session (1, 2, 3), condition (present,between L and H transitions was significant in the second blpck (022,
absent), and group (consistent, inconsistent) in Experiment2pResent  one-tailed), but not in the first blocky(= .067, one-tailed). Thus, impair-
condition; A = absent condition; L= low-probability transition; H= ment in the inconsistent group was limited to the first block after switching
high-probability transition. from the absent condition.
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Present versus absent condition (consistent group). the by random guessing. Again there was no evidence for awareness of
consistent group, the Transition Condition interaction was sig- the first-order probabilities.
nificant, F(1, 11) = 9.13, MSE = 1,914.96,p = .006, and the
Transition X Condition X Session L interaction was nof(1, Experiment 3

11) = 1.57,MSE = 408.04,p = .236. Thus the RT difference Session 3 RT differences between L and H transitions were 38

between L and H transitions was greater in the present than in thgnd 15 ms, respectively, in the present and absent conditions of

absent condition. Experiment 1, and 38 and 19 ms, respectively, in the present and

If one assumes that knowledge of the first-order probabilities;pcant conditions of Experiment 2 (consistent group). RT differ-

transferred fully from the pres_ent to the absenF condition, thesnces were similar in the two experiments despite the display
preceding result cannot be attributed to greater first-order proba(-)eing narrower in the latter than former (8.8° vs. 14.0° of visual
bility knowledge in the present than absent condition and therefor%ngb)g This suggests that pure perceptual-based learning is un-
suggests that in the present condition participants processed, dUjtfected by the distance between target locations. As a stronger test
ing the 400-ms interval, the bigram marking the high-probability of this hypothesis, Experiment 3 sought to determine whether RT
transition. Although the assumption of complete transfer of first-gjtferences between L and H transitions would be similar to those
order probability knowledge from the present to the absent condiiny Experiments 1 and 2 with much more narrowly separated target
tion may be difficult to test empirically, performance differences |gcations.
between the consistent and inconsistent groups in the absent con-|n an initial attempt, a study was conducted that was identical to
dition suggest that there was some transfer. the consistent group of Experiment 2 except that the bignemns
Overall RTs (consistent group).In the consistent group, both  ox, mn, and nm were replaced with the lette®, O, M, andN,
the effect of conditionF(1, 11) = 62.08, MSE= 16,231.41p <  respectively, and adjacent target locations were more narrowly
.001, and the Conditiox Session L interactiorf(1, 11)= 5.61,  separated. Specifically, targets were the let@@rgleft key re-
MSE= 2,996.60p = .037, were significant. Thus, overall RT was sponse) andD (right key response), and the six locations were
longer in the present than in the absent condition. This raises thmarked with the letter€ andO in the present condition arid and
possibility that the larger RT difference between L and H transi-N in the absent condition. Each letter was 0.31° in width and 0.52°
tions in the present than absent condition was not the result aih height, and the centers of adjacent letters were separated
processing bigrams marking high-probability transitions in theby 0.73°. The centers of the letters marking the leftmost and
present condition but rather was an artifact of overall RT differ- rightmost target locations were separated by 3.6° (the width of the
ences between conditions (e.g., see Chapman et al., 1994) or thiésplay). Unexpectedly, the study produced no evidence for first-
result of differences in difficulty (e.g., greater use of first-order order probability learning.
probability knowledge in the present than in the absent condition One explanation is that with the narrowly separated target
because the former was more difficult than the latter). To discountocations in the present condition, the gaps in a display created by
this possibility, overall RT difference between the present and
absent conditions was manipulated by running two other groups—_ ) )
that were identical to the consistent group except that location Another explanation for the larger RT difference between L and H

markers in the absent condition were the biaramandoo in the transitions in the present than in the absent condition is forward masking of
9 the targetsco and ox by the bigramann andnmin the absent condition.

difficult group, and short lines above which a target appeared in-gnyarq masking may have slowed responding to targets at anticipated
the easy group. target locations where attention might have been focused. If performance

As expected, overall RT difference between the present angh the easy group, in which there is no forward masking, is similar to that
absent conditions varied significantly across the three groups, witin the consistent and difficult groups, in which forward masking is possi-
the differences being 15, 60, and 101 ms in the difficult, consistentble, this would rule out the forward-masking hypothesis.
and easy groups, respectively. In contrast, the pattern of RT °When examining performance within each group, ANOVAs were as in
differences between L and H transitions in the present and absefperiment 1, except that condition (present, absent) was a within-subject
conditions did not vary significantly across the three grdtipeus ~ factor. When comparing groups, group (consistent, difficult, easy) and
overall RT difference between conditions is likely not responsible ' (1-6) were introduced as between-subjects factors. The Condi-

. " . tion X Group interaction was significant, indicating that overall RT dif-
for the larger RT difference between L and H transitions in theference between the present and absent conditions varied across the three

present than in the absent condition. groups. In the present condition, both the transition effect and the Transi-

Awareness of first-order probabilities.On the awareness tion x Session L effects were significant in the difficult and easy groups
questionnaire, the percentage of the four items pertaining to L—Fand did not interact significantly with group (bagk > .280). In the absent
transitions receiving correct responses (i.e., for which H transitionsondition, the transition effect was significant in the difficult group and the
were chosen) was determined for each participant. In the consisterftansition X Session L effect was significant in the easy group. These
group, the score was 37.5%, which did not differ significantly from €ffects did not interact significantly with group (bogs > .176). Finally,
what would be expected by random guessing (50%{1, the Transitionx Condmon_ |nteract|9n was S|gn|f|_cant in the difficult and
11) = 3.67,MSE= 511.36,p = .082. Thus there was no evidence easy groups and did not interact significantly with groyp=f .200).

h g ® The Session 3 RT difference between L and H transitions was 16 ms
for awareness of the first-order probabilities. There was actuallya_ _ . L o X
. L " in a pilot study similar to the absent condition of Experiment 1 except that
tendency for choosing L transitions over H transitions.

. ; (a) targets were the lettecsand o, (b) location markers were short lines
_ In the inconsistent group, scores were 50.0% when the quesspove which the targets appeared, and (c) the display subtended 17.9°. This
tionnaire was scored with respect to both the present and abseptvery similar to the RT differences in the absent conditions of Experi-

conditions. These values were identical to what would be expectethents 1 and 2 in spite of an even wider display.
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C (e.g.,0 O C O C g may have been salient. Thus, when the One possible concern is that overall RTs appeared to be longer
letters were reordered immediately after a response, movement @i Experiment 3 than in Experiments 1 and 2. However, this was
the gaps may have functioned as an abrupt visual change théte case only in Session 1, in which the effect of experiment was
automatically captured visuospatial attention (e.g., Folk et al.significant,F(2, 18)= 7.08,MSE= 5,571.64p = .005. The effect
1994; Jonides, 1981; Jonides & Yantis, 1988; McCormick, 1997;of experiment was not significant in Sessions 2 and 3 (lpstk
Muller & Rabbitt, 1989; Remington et al., 1992). The capture of .133). Thus, it is unlikely that relative to Experiments 1 and 2, RT
attention may have prevented the processing of information at adifferences between L and H transitions in Experiment 3 were
anticipated target location, thereby eliminating the present condidisproportionately influenced by overall RT (e.g., Chapman et al.,
tion’s sensitivity to first-order probability learning. Alternatively, 1994) or task difficulty. Moreover, results from Experiment 2 (see
the capture of attention may have hindered learning by creating ®verall RTs (consistent grouection) suggest that overall RT
more complex sequence of target locations (or attentional shifts) itmas little influence on RT differences between L and H transitions.
which every other element was random. Awareness of first-order probabilities.On the awareness

In a second attempt, stimuli were used that did not create salierguestionnaire, the percentage of the four items pertaining to L-H
features in the display and the absent condition was eliminated swansitions receiving correct responses (i.e., for which H transitions
that participants would be constantly exposed to the present corwere chosen) was determined for each participant. The score
dition. It was hoped that these changes would increase the likelief 45.8% did not differ significantly from what would be expected
hood of observing first-order probability learning. The changesby random guessing (50%(1, 11) < 1. Thus, there was no

were successful and are described below. evidence for awareness of the first-order probabilities.
Performance on the awareness questionnaire in Experiments
Method 1-3 did not differ significantly from 50%. This suggests partici-

pants were guessing and hence unaware of first-order probabilities.
The participants were 12 University of Winnipeg undergraduates rangAs a further test of this assertion, participants scoring lower on the
ing in age from 18 to 32 years. The experiment was identical to the preserguestionnaire were compared to those scoring higher. If partici-
condition in Experiment 1 except that the stimuli were no longer thepants were guessing, then RT differences between L and H tran-
bigramsxo andox, and the distance between adjacent target locations wassitions should not differ between low and high scorers. To obtain
much more narrow. The bigramo was replaced by two vertical lines, - 5 gyficient number of participants, Experiments 1-3 were com-
each 0.47° in he'ght and 0.05° in width, with the two I'r?es Sep""r""tecjbined, resulting in 36 participants (12 from the present condition in
by 0.16°. The left line had a 0.05° gap halfway up. For the bigoanonly . - . .
S : . i Experiment 1, 12 from the consistent group in Experiment 2,
the right line had a gap. The centers of adjacent pairs of vertical lines were . . . .
separated by 0.78°. Thus, the centers of the pairs of vertical lines markin§1nd 12 from Experlment 3). In each expe‘rlmenF, a pair of partic-
the leftmost and rightmost target locations were separated by 3.9°. FdPants had been assigned to each of the six versions of Table 2. For

participants’ reference while they completed the awareness questionnair€2ach of the 18 pairs (6 from each experiment), the member scoring
each of the six locations was marked with a pair of solid (i.e., gap-free)lower on the questionnaire was assigned to the low-score group,

vertical lines. and the other member was assigned to the high-score group. If
each member had the same score, then they were randomly as-
Results and Discussion signed to groups.

The mean score was significantly less than 50% in the low-score
For each participant, the median RT of correct responses wagroup (31.9%)F(1, 17) = 7.39, MSE = 794.54,p = .015, and
determined as a function of transition (L, H), set (1, 2), run significantly greater than 50% in the high-score group (61.1%),
completed (EE, UE, EU, UU), and session (1, 2, 3). The results=(1, 17) = 5.79,MSE = 383.99,p = .028. In spite of the group
appear in the right panel of Figure 2. difference in performance on the awareness questionnaire, RT
ANOVAs were as in Experiment 1, except that there was nodifferences between L and H transitions were nearly identical in
absent condition. When comparing the present conditions of Exthe two groups. Averaging across run (EE, UE, EU, UU) and set
periments 1, 2 (consistent group), and 3, experiment (1, 2, or 31, 2), RT differences between L and H transitions in Sessions 1,
and version (1-6) were introduced as between-subjects factors.2, and 3 were, respectively, 10, 26, and 37 ms in the low-score
Learning of first-order probabilities. The effect of transition, group, and 10, 24, and 36 ms in the high-score group. The
F(1, 11) = 4.65,MSE = 16,964.34p = .027, and the Transi- Transition X Group and Transitiorx Session LX Group inter-
tion X Session L interactiork(1, 11) = 7.47, MSE = 1,267.57,  actions were not significant, boffs(1, 24)< 1 (version [1-6] was
p = .019, were significant. Thus, RT was shorter on H than on La between-subjects factor in these analyses). Thus, RT differences
transitions, and the difference increased across sessions. ThHigtween L and H transitions were not correlated with performance
indicates learning of the first-order probabilities. on the awareness questionnaire, suggesting that participants were
RT differences between L and H transitions in Experiment 3guessing on the questionnaire and hence unaware of first-order
were similar to those in Experiments 1 and 2. The Transition probabilities.
Experiment and Transitio® Session LX Experiment interactions
were not significant, bothFs(2, 18) < 1. The Session 3 RT
difference between L and H transitions in Experiment 3 was 35 ms,
which is almost identical to the 38 ms in Experiments 1 and 2. Experiment 4 examined pure perceptual-based learning of
Thus, it appears that pure perceptual-based learning is unaffectestcond-order probabilities. The participants were 12 University of
by distance between target locations, at least within the range dNinnipeg undergraduates ranging in age from 17 to 27 years. The
distances used in the present study. experiment was identical to the experience of the consistent group

Experiment 4
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in Experiment 2, except that there were four sessions of traininggrient attention while keeping the eyes fixed (e.g., Posner, 1980).
and first-order probabilities were exclusively .50. Thus learning ofThe orienting of attention to anticipated target locations indicates
first-order probabilities was not possible. Second- and third-ordethat the attention system had knowledge of first-order probabili-
probabilities were still .33 (L), .50 (M), and .67 (H). Appendix B ties. This is consistent with learning being attention based. It could
lists the frequencies (across every two blocks of trials) associatele argued, however, that learning was oculomotor based and that
with each of the six versions of the sequential structure of targethe resulting probability knowledge was accessible to the attention
locations. system. This seems unlikely, though, given that the mechanism for
The data were analyzed in a manner analogous to that for thprogramming shifts of attention is independent of that for pro-
consistent group in Experiment 2, except that session had 4 levelgramming eye movements (see the introduction) and given the
In the absent condition, RT differences between L and H transisuggestion by some that information flows from the attention
tions were 1, 3, 1, and-2 ms in Sessions 1-4, respectively. Both system to the oculomotor system and not vice versa (Deubel &
the effect of transition and the Transition Session L interaction  Schneider, 1996; Deubel et al., 1998; Kowler et al., 1995).
were not significant. In the present condition, RT differences Fourth, there was no evidence for pure perceptual-based learn-
between L and H transitions were 5, 2, 10, and 1 ms in sessionisig of first-order probabilities in Experiment 3 when target loca-
1-4, respectively. The effect of transition was significapt = tions were narrowly separated and location markers in the present
.044) and the Transitiolx Session L interaction was ndt < 1). condition were the letter€ and O. One explanation is that the
Unfortunately, the pattern of RT differences across sessions isalient gaps in a display created 8yproduced an abrupt visual
the present condition makes it difficult to interpret the significant change that automatically captured visuospatial attention when the
effect of transition. The RT difference between L and H transitionsletters were reordered after a response. The capture of attention
was significant in Session Ip(= .049), marginally significant in  then interfered with learning or with the expression of learning.
Session 3 p =.055), and nonsignificant in Sessions 2 and 4 (bothConsistent with this explanation, there was robust learning when
Fs < 1). Such an inconsistent pattern could reflect weak learninghe location markers were changed to eliminate salient features in
of second-order probabilities, or the RT differences in Sessions the display. These results are consistent with learning being atten-
and 3 could be an artifact. In any case, the results suggest that putien based.
perceptual-based learning of second-order probabilities is weak at Further evidence that learning in the present study was attention
best. The results also make it clear that RT differences between hased are the parallels between learning effects (i.e., RT differ-
and H transitions in Experiments 1-3 reflected primarily first- ences between L and H transitions) in the present study and cuing
order probability learning and not learning of second- or third- effects in attention-cuing studies. In such studies, visuospatial
order probabilities, which were confounded with first-order attention is cued to a location while the eyes remain fixed. RT to
probability. a target is shorter when the target appears in the cued (expected)
location than in an uncued (unexpected) location—the difference
in RT being the cuing effect. Like the learning effect in the present
study, the cuing effect is unaffected by distance between target
There were a number of important results in the present studylocations (Posner, 1978, pp. 197-203; Remington & Pierce, 1984).
First, pure perceptual-based learning of first-order probabilitiesMoreover, when responding to the target involves making a two-
was implicit. This is the first solid demonstration that such learningchoice discrimination (as in the present study), the cuing effect is
can be implicit. Second, learning was unaffected by distancainaffected by overall RT (e.g., Johnston, McCann, & Remington,
between target locations. This suggests eye movements were nb®96, Experiment 2; Posner, Snyder, & Davidson, 1980, Experi-
necessary for learning. Assuming eye movements were executadent 4) and ranges from 15 to 30 ms across studies (e.g., Johnston
less often in Experiment 3 (narrow display) than in Experiments let al., 1996, Experiment 2; Lupianez & Milliken, 1999, Experi-
and 2 (wider displays), there should have been less learning iment 2; Posner et al., 1980, Experiment 4; Tipples, 2002). Ses-
Experiment 3 if eye movements were necessary for learningsion 3 learning effects in the absent conditions of the present study
However, learning was equivalent across experiments. Furthefell in this range. Thus, learning effects in the present study
evidence against the necessity of eye movements for learningehaved like cuing effects, suggesting that learning was attention
comes from conceptually similar studies showing that people camased.
implicitly learn the relationship between the form of a cue and the The fact that pure perceptual-based learning of first-order prob-
location of a subsequent target when target location is not thabilities was implicit and probably attention based, together with
response dimension and people are required not to move their eyése fact that the sudden appearance of a stimulus in the visual field,
(Lambert, Naikar, McLachlan, & Aitken, 1999; Lambert & as occurs in the SRT task, automatically captures visuospatial
Sumich, 1996; see also Olson & Chun, 2001, Experiment 3).  attention, suggests that automatic orienting of attention was suffi-
Third, the mechanism underlying pure perceptual-based learreient for implicit learning. This is contrary to current hypotheses of
ing of first-order probabilities afforded processing of information implicit sequence learning, which suggest that responding motori-
at an anticipated target location before the cue (i.e., an underlingally or effortfully to events in a sequence is necessary for learning
was presented. Thus there was orienting to anticipated targehe sequence of events. However, it is possible that responding
locations. Orienting undoubtedly involved shifts of visuospatial motorically or effortfully to events in a sequence, although not
attention and may or may not have involved eye movements. Asecessary for learning the sequence of events, may enhance
noted in the introduction, shifts of attention normally precede eydearning.
movements. Thus, orienting the eyes implies orienting of attention. A fifth important result was that in contrast to robust learning of
However, the converse is not necessarily true. It is possible tdirst-order probabilities, pure perceptual-based learning of second-

General Discussion
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order probabilities in Experiment 4 was weak at best. Thus, the sequence learningJournal of Experimental Psychology: Learning,

mechanism underlying pure perceptual-based learning had a mem-Memory, and Cognition, 167-30.

ory that was mostly limited to the preceding target location. Curran, T. (1997). Effects of aging on implicit sequence learning: Account-
Finally, the absent conditions in Experiments 1 and 2 were ing for sequence structure and explicit knowledgsychological Re-

conceptually similar to Willingham et al.’s (1989) target color _ Séarch. 6024-41. _ ,

experiment, and pure perceptual-based learning was observed %urran, T., & Keele, S. W. (1993). Attentional and nonattentional forms of

. A sequence learningJournal of Experimental Psychology: Learning,
the former but not in the latter. One explanation is that the target Memory, and Cognition, 19189-202.

stimuli in the present study were less discriminable than the targebe e 1. & Schneider, W. X. (1996). Saccade target selection and object
colors in the Willingham et al. (1989) study, and therefore eye |ecognition: Evidence for a common attentional mechanisfision
movements were executed more often in the former. The plausi- research, 361827-1837.

bility of this explanation rests on the assumption that eye movepeubel, H., Schneider, W. X., & Paprotta, I. (1998). Selective dorsal and
ments are necessary for learning, and as argued above, learning isventral processing: Evidence for a common attentional mechanism in
probably attention based and not oculomotor based. A better reaching and perceptioWisual Cognition, 581-107.

explanation is that participants in Willingham et al.’s (1989) studyFolk, C. L., Remington, R. W., & Wright, J. H. (1994). The structure of
had limited practice with the sequence of target locations (40 attentional control: Contingent attention.al capture by apparent motion,
repetitions of the 10-element sequence), and learning was assesse@Prupt onset, and colodournal of Experimental Psychology: Human
using a between-subjects measure (RT differences between the”¢'¢eption and Performance, 2817-329.

repeating sequence group and a random sequence grou )insteacﬁ)(?nSCh’ P. A, Buchner, A., & Lin, J. (1994). Implicit learning of unique
P gseq group 4 group and ambiguous serial transitions in the presence and absence of a

a within-subject measure (the change in RT when the repeatlng distractor taskJournal of Experimental Psychology: Learning, Memory,
sequence becomes random). The former measure sometimes req Cognition, 20567-584.

veals no sequence learning when the latter does (e.g., Keele et kensch, p. A, & Miner, C. S. (1994). Effects of presentation rate and

1995, Experiment 2; McDowall et al., 1995; Stadler, 1992). Thus, individual differences in short-term memory capacity on an indirect

limited practice and a relatively insensitive between-subjects mea- measure of serial learninglemory & Cognition, 2295-110.

sure of learning may have made it very difficult to obtain evidenceGodijn, R., & Pratt, J. (2002). Endogenous saccades are preceded by shifts

of pure perceptual-based learning. of visual attention: Evidence from cross-saccadic priming effebtta
Using a novel procedure (the present condition) and probabilis- Psychologica, 11083-102.

tic sequences of target locations, the present study has shown tHapschke, T. (1998). Implicit learning of perceptual and motor sequences.

pure perceptual-based learning can be implicit and is unaffected by In M. A. Stadler & P. A. Frensch (Eds.{andbook of implicit learning

distance between target locations. Moreover, the mechanism un. (PP 401-444). Thousand Oaks, CA: Sage.

. . . . . . . Goschke, T., Friederici, A. D., Kotz, S. A., & Kampen, A. (2001). Proce-
derlying learning affords processing of information at an antici- L , . o L
dural learning in Broca’s aphasia: Dissociation between the implicit

pated target location, appears to be attention based, and has &, cquisition of spatio-motor and phoneme sequendesinal of Cogni-
memory mostly limited to the preceding target location. Future o Neuroscience, 1870-388.

research should further characterize the mechanism(s) underlyingyitton, D., Buchtel, H. A., & Douglas, R. M. (1985). Frontal lobe lesions

pure perceptual-based learning. in man cause difficulties in suppressing reflexive glances and in gener-
ating goal-directed saccaddsxperimental Brain Research, 5855—
472.
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Appendix A

Frequencies for the Six Versions of Table 2

Next target location

Previous target
locations 1 2 3 4 5 6

— — 444444 824428 — —
— — 288244 448228 — —
— — 284482 444444 — —
— — 442882 822844 — —
— — 822844 442882 — —
— — 444444 284482 — —
— — 448228 288244 — —
— — 824428 444444 — —
444444 — — — — 442882
824428 — — — — 822844
448228 — — — — 444444
288244 — — — — 284482
284482 — — — — 288244
444444 — — — — 448228
822844 — — — — 824428
442882 — — 444444
_ 444444 — — 288244 —
— 442882 — — 284482 —
— 822844 — — 444444 —
— 824428 — — 448228 —
— 448228 — — 824428 —
_ 444444 — — 822844 —
— 284482 — — 442882 —
— 288244 — — 444444 —

1
Il |
APBEARADRBOOWWWAOGOIONDNNNOOOOORREREPE

mNmNmNmNOﬁHOﬁH?’HO’H#w#w#w#w
mmppmmppbhww?hwwmmwwmmww

Note. Each digit in the six-digit strings represents the frequencies for the corresponding version (e.g., the first
digit represents the frequencies for Version 1). For example, in Version 5, the sequence 3—2—-6 was followed four
times by Location 3 and eight times by Location 4. Dashes indicate that transitions did not occur.
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Appendix B

Frequencies for the Six Versions of the Sequential Structure of Target Locations in
Experiment 4

Next target location

Previous target
locations 1 2 3 4 5 6

— — 366344 636328 — —
— — 363682 633644 — —
— — 633644 363682 — —
— — 636328 366344 — —
— — 633644 363682 — —
— — 636328 366344 — —
— — 366344 636328 — —
— — 363682 633644 — —
634436 — — — — 632863
368236 — — — — 364463
364463 — — — — 368236
632863 — — — — 634436
364463 — — — — 368236
632863 — — — — 634436
634436 — — — — 632863
368236 — — 364463
— 443663 — — 286363 —
— 823636 — — 446336 —
— 446336 — — 823636 —
— 286363 — — 443663 —
— 446336 — — 823636 —
— 286363 — — 443663 —
— 443663 — — 286363 —
— 823636 — — 446336 —

[
Il |
APrBEARADBOOWWWAGOIONNNNOOOOORRE PR

(ﬂl\J(ﬂl\J(ﬂl\J(ﬂl\JO’)HO’)HCﬁ)HO’)wabwbwbw
ovmr—\laovmr—\labboow?.bwwmmml\)mmml\)

Note. Each digit in the six-digit strings represents the frequencies for the corresponding versions (e.g., the first
digit represents the frequencies for Version 1). For example, in Version 4, the sequence 3—-2—-6 was followed six
times by Location 3 and six times by Location 4. Dashes indicate that transitions did not occur.
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