








120        Swallow and Zacks

cused contrast on the slopes of regression lines fit to each 
individual’s data revealed that response times decreased 
more rapidly when the sequence was predictive than when 
it was nonpredictive [F(1,61) 5 5.755, p 5 .02, ηp

2 5 .086]. 
Accuracy improved slightly with practice, with errors de-
creasing from .068 in Epoch 1 to .052 in Epoch 10 [for 
epoch, F(9,540) 5 5.401, p , .001, ηp

2 5 .083; for group, 
F(2,60) 5 0.314, p 5 .732, ηp

2 5 .01; for the interaction, 
F(18,540) 5 0.6947, p 5 .818, ηp

2 5 .023]. In short, par-
ticipants became faster with practice, especially those in 
the predictive group. This replicates the main finding of 
Experiment 1 in a between-participants design.

Because the spatial location of the gesture became un-
predictable after the sequence, the attentional control ac-
count makes the specific prediction that responses should 
be fastest on frames that immediately follow the repeating 
sequence. To test this hypothesis, nonpredictive matched 
and nonpredictive unmatched group performance was 
analyzed as a function of the target’s temporal location.5 
(This analysis was not performed for the predictive group, 
for whom the targets always appeared at the same tem-
poral location.) As can be seen in Figure 4B, responses 
were not fastest on the frame immediately following the 
sequence. This militates against the predictability-based 
attentional control account.

However, target detection was faster at some temporal 
locations than at others [for target location, F(7,287) 5 

lated between rather than within participants; for some participants, 
the sequence never predicted when the target would appear. Second, 
in Experiment 1 the targets in the nonpredictive matched trials oc-
curred near the end of the trials to preserve the spacing of target 
appearances, resulting in a weak relationship between the sequence 
and target. To remove this relationship, a nonpredictive unmatched 
group was added. For this group, targets could appear at any point in 
the trial. There were 20 participants each in the predictive and non-
predictive matched groups, and 23 in the nonpredictive unmatched 
group. Third, the length of the task was reduced from 4,480 to 2,800 
frames. Participants practiced the task until they correctly detected 
at least 80% of the target gestures. (Four participants required two 
sets of practice trials.)

Questionnaires and cued generation recall. The question-
naire procedure and cued generation recall test were the same as in 
Experiment 1.

Procedure. The procedure was nearly identical to that of Experi-
ment 1. However, between the target detection and cued generation 
recall tasks, participants were exposed to 40 more sequence presen-
tations in an event segmentation task (Newtson, 1973). Data from 
this task will not be reported here.

Results and Discussion
Transformed response times and accuracy for the target 

detection task are depicted in Figure 4A. Response times 
improved as the task progressed [F(9,540) 5 27.572, p , 
.001, ηp

2 5 .315]. The predictive group was faster than the 
two nonpredictive groups [F(2,60) 5 7.338, p 5 .002, 
ηp

2 5 .197], and response times decreased differently across 
groups [F(18,540) 5 1.802, p 5 .022, ηp

2 5 .057]. A fo-

Nonpredictive unmatched
Nonpredictive matched

1 2 3 4 5 6 7 8 9 10

Predictive
Nonpredictive matched
Nonpredictive unmatched

A B

–1.0

–0.5

0.0

0.5

Tr
an

sf
or

m
ed

 R
es

po
ns

e T
im

e

0

.2

E
rr

or
s

Epoch

–0.5

0.0

0.5

Tr
an

sf
or

m
ed

 R
es

po
ns

e T
im

e

.2

E
rr

or
s

0

1.0

Target Location

S7 F+1 F+2 F+3S6S3 S4 S5

Figure 4. Performance on the target detection task in Experiment 2. (A) Transformed response time and error rates (percentage of 
missed targets and incorrect responses) for each group are illustrated for epochs of 20 trials. (B) Transformed response time and error 
rates for the two nonpredictive groups as a function of target’s temporal location. Trials with targets occurring during the sequence 
(S3 to S7) or following it (F11 to F13) were analyzed. Error bars are standard errors of the means.
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.022; for group, F(1,41) 5 1.942, p 5 .171, ηp
2 5 .045; for 

the interaction, F(7,287) 5 1.024, p 5 .414, ηp
2 5 .024].

In this experiment, 21 of the participants described short 
linear movements, 3 described motion in terms of simple 
actions, 5 described short two- to three-item sequences, 
and 3 described a sequence longer than four items in 
response to the questionnaire. Nine participants demon-
strated awareness of the sequence in the cued generation 
recall task ( predictive 5 1; nonpredictive matched 5 3; 
nonpredictive unmatched 5 5). This increase in awareness 
was probably due to the segmentation task performed be-
tween the target detection task and cued generation recall, 
which asked participants to attend to the pictured person’s 
activity. Removing participants that demonstrated aware-
ness of the sequence did not substantively alter the results 
of the analyses.

General Discussion

Using extended stimulus streams, these experiments 
demonstrated that observers were able to learn sequences 
of locations in simulated human activity to better respond 
to another feature of the same activity. Activity sequences 
were learned both when they did and did not predict when 
a target event would occur. However, the predictive rela-
tionship between the activity sequence and target onset in-
fluenced how observers used the sequence to guide task 
performance. Despite the benefit of the sequence to task 
performance, most participants were unable to demonstrate 
awareness of the sequence in a cued generation recall task.

Together, these two experiments provide insight into the 
three ways sequential structure may guide attention and 
action. First, sequential structure may guide activity by 
producing transient increases in attentional control when 
sequential dependencies become low and perceptual in-
formation becomes unpredictable (Sokolov, Nezlina, 
Polyanskii, & Evtikhin, 2002; Yu & Dayan, 2005). If this 
were the case, performance should have been best on the 
frame following the arm position sequence in both Ex-
periments 1 and 2. However, in Experiment 2 participants 
in the nonpredictive conditions were fastest when targets 
occurred on the final frame, but not after.6

Sequential structure may also allow one to learn when 
events of interest are likely to occur (Olson & Chun, 
2001). The data provided strong support for this type of 
learning. In Experiment 1, after repeated training that a 
target hand gesture always followed the end of a sequence 
of arm positions, participants were fastest when targets 
occurred at this point in time and slower when targets oc-
curred at times that violated this expectation.

Even when sequential structure does not predict when 
an event will occur, it may predict when the event is most 
easily detected if it occurs. Experiment 2 provided evi-
dence for this type of learning. In the nonpredictive con-
ditions the sequence did not allow participants to predict 
when a target would occur or what it would be, but did 
allow them to predict, for some frames, where the target 
would be if it did occur.

The perception of goal-directed activity relies on the 
dynamic interplay of systems involved in the recognition 

4.443, p , .001, ηp
2 5 .098; for group, F(1,41) , 1, p 5 

.99, ηp
2 , .001; for the interaction, F(7,287) 5 0.724, p 5 

.652, ηp
2 5 .017]. In the nonpredictive conditions of Exper-

iment 2, unlike the predictive condition of Experiment 1, 
detection was faster on the last frame of the sequence than 
on the following frame [t(42) 5 2.869, p 5 .006, d 5 
0.438]. This effect is consistent with the learned atten-
tion guidance account: If focusing attention at one point 
in time reduces one’s ability to focus at other points (Chun 
& Potter, 1995), it would be adaptive to focus attention 
on those points that best support task performance. In the 
nonpredictive conditions it would be best to attend when 
the position of the gesture is most certain and provides the 
best opportunity to ascertain if it is a target gesture.

This effect was specific to the sequence. We catego-
rized targets according to whether they occurred with the 
last arm position in the sequence, an arm position that was 
the same as the last arm position in the sequence, or with 
arm positions that were different than the last arm posi-
tion in the sequence (Figure 5). For both groups, response 
times to targets that appeared at the end of the sequence 
were fastest, leading to a main effect of arm position 
type [F(2,82) 5 10.952, p , .001, ηp

2 5 .211; for group, 
F(1,41) 5 0.015, p 5 .904, ηp

2 , .001; for the interaction, 
F(2,82) 5 0.21, p 5 .811, ηp

2 5 .005]. Response times 
to targets that occurred at the end of the sequence were 
significantly faster than those to targets that occurred on 
the same arm position outside of the sequence [t(42) 5 
22.768, p 5 .008, d 5 20.422]. Error rates were not sig-
nificantly affected by the temporal location of the target 
[for target location, F(7,287) 5 0.913, p 5 .497, ηp

2 5 
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Figure 5. Performance as a function of arm position type in 
Experiment 2. Transformed response times for trials when the 
target occurred with an arm position that was the last position 
in the sequence, the same as the last position in the sequence (but 
not occurring at the end of the sequence), or a different position. 
Error bars are standard errors of the means.
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Notes

1. During nonpredictive matched trials, targets appeared after the se-
quence an average of 12.125 times (SD 5 3.44, range 8–19), after the 
arm position that was the same as the last position in the sequence an 
average of 6 times (SD 5 4.037, range 2–13), and after all other arm 
positions an average of 61.875 times (SD 5 6.244, range 53–70). The 
small number of targets that followed the same arm position did not af-
ford reliable comparisons of performance across these conditions.

2. Only those target temporal locations for which nearly all partici-
pants had at least five data points were included in the analyses, resulting 
in the inclusion of frames S5 to F13.

3. Chance performance was defined based on the .2 binomial prob-
ability of guessing correctly on each frame. A partial credit scoring 
method (arm positions adjacent to the correct position received partial 
credit) with a Monte Carlo–simulated probability distribution led to the 
same conclusion

4. Six participants were excluded based on accuracy [overall accuracy 
was more than two standard deviations below the mean accuracy (M 5 
.942, SD 5 .042) or accuracy for a given epoch was more than three stan-
dard deviations below mean epoch accuracy (M 5 .942, SD 5 .073)]. One 
participant whose overall rate of learning was more than two standard de-
viations above the mean learning rate was also excluded (indexed by the 
b-weight of a linear equation describing response time across epochs, M 5 
26.56, SD 5 6.44).

5. Only those target temporal locations for which nearly all partici-
pants had at least five data points were included in the analyses. As a 
result frames S3 to F13 were included in Experiment 2.

6. The observed benefits may have been due to response preparation 
rather than the allocation of attention per se. An analysis of false alarm 
rates provided no evidence to suggest that this was the case. However, 
false alarm rates were too low to draw reliable conclusions from this 
analysis.

(Manuscript received March 17, 2006; 
revision accepted for publication June 26, 2007).

of biological motion patterns, goals, and intentions (Zacks, 
Speer, Swallow, Braver, & Reynolds, 2007). In addition to 
being informative in their own right, these aspects of ac-
tivity produce sequential dependencies in behavior. The 
present data show that sequential dependencies in human 
activity can be learned without recourse to constraints 
from biological motion, goals, or intentions, and without 
awareness or intent. Further, such learning influences how 
observers structure their task environment. The way se-
quences are used to structure performance appears to be 
flexible, so people can use sequential structure however is 
most adaptive in a particular situation.
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