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a decrease in response times. This relation is often ob-
served in growth-curve models and is usually treated as 
an artifact.

The onset of the parity strategy, the event of central in-
terest, did not have a significant effect on the intercept 
(i.e., shifting the response time curve down) [B  2.03, 
SE  1.05; change in 2LL, 2(1)  2.95, n.s.]. However, 
the onset of parity did significantly interact with trials 
[B  0.20, SE  0.09; change in 2LL, 2(1)  4.13] 
(often called an “effect on the slope”). That is, average 
response time after the discovery of parity was not differ-
ent from the average response time before the discovery 
of parity. However, the discovery of parity led to a signifi-
cantly more rapid decrease in response time.

Number and Duration of Fixations
The total number of fixations per trial is shown in 

the top panel of Figure 8. The number of fixations de-
creased significantly over trials [B  0.34, SE  0.05; 
change in 2LL, 2(1)  27.15]. The model included a 
random effect on the intercept [ 2  63.30; change in 

2LL, 2(1)  121.32], on the slope (i.e., trials) [ 2  
0.03; change in 2LL, 2(1)  6.50], and on their cor-
relation [r  .80; change in 2LL, 2(1)  19.75]. The 
significant random effects imply that there was substantial 
individual variation in the total number of fixations on the 
first trial, as well as in the rate of change in the number 
of fixations over trials. Given the nonlinear shape of the 
curve, we added trial2 to the model to capture the quadratic 
form [B  0.016, SE  0.004; change in 2LL, 2(1)  
20.06]. The positive quadratic term indicates that the 
number of fixations decreased at a decreasing rate. The 
random effects remained largely unchanged with the ad-
dition of the quadratic term.

We tested for changes in number and duration of fixa-
tions with respect to the onset of parity. The onset of par-
ity did not have a significant effect on the intercept [B  

1.28, SE  1.11; change in 2LL, 2(1)  1.32] or the 
slope [B  0.037, SE  0.12; change in 2LL, 2(1)  
0.76] of the number-of-fixations trajectory. The discov-
ery of the parity strategy did not result in an immediate 
shift in the number of fixations, nor did it impact the rate 
of change in the number of fixations over trials. We also 
calculated the mean and median duration of each partici-
pant’s fixations on each trial. The middle and lower pan-
els of Figure 8 shows these two measures, respectively, 
as a function of trial, averaged over participants. As the 
figure suggests, neither of these measures changed reli-
ably across trials [largest change in 2LL, 2(1)  1.52]. 
The onset of parity did not affect the intercept or the 
slope of these trajectories over trials [largest change in 

2LL, 2(1)  1.32]. That is, the number and duration 
of fixations were not appreciably different before or after 
the onset of parity.

Descriptive Statistics for RQA Parameters
We reconstructed phase space from the angular-change 

time series for all trials up to the discovery of parity and 
performed RQA on the reconstructed phase-space tra-

SE  0.05; change in 2LL, 2(1)  0.06]. In other 
words, the onset of parity improved accuracy, but practice 
did not improve accuracy beyond this effect, whether for 
lower level strategies or for parity. More complex models 
that handle the potential autocorrelation and heterosce-
dasticity in data over time confirmed the results reported 
above.

The lower panel of Figure 7 shows the mean response 
times (in seconds) over trials. Response times did not de-
crease significantly over trials. A growth-curve (i.e., ran-
dom coefficients) model showed no significant effect of 
trials [B  0.05, SE  0.03; change in 2LL, 2(1)  
1.29, n.s.] (Mirman, Dixon, & Magnuson, 2008; Singer 
& Willett, 2003). The model included random effects 
on the intercept [ 2  37.24; change in 2LL, 2(1)  
76.30], on the slope (i.e., trials) [ 2  0.005; change in 

2LL, 2(1)  0.26], and on their correlation [r  .71; 
change in 2LL, 2(1)  6.15]. The significant random 
effect on the intercept implies that there was significant 
between-participants variation in initial response time. 
The lack of a significant random effect on the slope sug-
gests that the rate of change in response time over trials 
did not vary substantially between participants. The indi-
vidual (i.e., per participant) parameters used to estimate 
these two random effects were negatively correlated. 
(This relationship is estimated as an additional parameter 
in the model.) The negative correlation indicates that in-
dividual differences in initial response time were related 
to individual differences in the rate of change in response 
time, such that initial response time usually preceded 
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Figure 7. The top panel shows the mean proportions correct 
as a function of trials. The lower panel shows the mean response 
times as a function of trials.
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variance in entropy (~2%) and recurrence ( 1%). Table 1 
shows the bivariate correlations between these measures 
and the RQA measures of phase space. The conventional 
measures are not associated with RQA measures, suggest-
ing that RQA and conventional analyses provide different 
information (see Knöblich, Ohlsson, & Raney, 2001, for 
an example of conventional measures applied to insight 
problems).

Predicting the Discovery of Parity
Entropy. Recall that a central prediction from self-

organization is that entropy should increase and decrease 
prior to discovery. In previous work, we found that en-
tropy peaked and then dropped across the trials preced-
ing discovery. The light gray curve in Figure 9 shows the 
mean values of entropy on the six trials prior to discov-
ery; discovery trials are aligned on the far right side. As 
was predicted, entropy increased and decreased just prior 

jectories for each trial separately. Following Abarbanel 
(1996), we set the lag for each trial at the first minimum of 
the average mutual information function (M  3.46 bits, 
SD  1.38). Average mutual information is a measure (in 
bits) of how much one learns about the current value of a 
time series from a previous value. The first minimum of 
this function across all lags has been shown to be a good 
choice of lags for reconstructing phase space (see Arbar-
banel, 1996, for a complete discussion). Given the length 
of the time series under consideration, we set the number 
of dimensions to four. The number of dimensions has been 
shown to be a noncritical parameter for this method (Web-
ber & Zbilut, 2005). The mean values for recurrence and 
entropy were M  2.48% (SD  3.46) and M  0.85 bits 
(SD  0.80), respectively.

The conventional measures of eye movement behavior 
(i.e., total number of fixations, mean and median fixation 
duration) and response time jointly explained very little 
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Figure 8. The top panel shows the number of fixations within each trial, averaged over participants. The middle 
panel shows the mean duration of fixations within each trial, averaged over participants. The bottom panel shows 
the median fixation duration within each trial, again averaged over participants.
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amplitude of a sine wave at a given frequency thus rep-
resents fluctuation at a time scale corresponding to the 
frequency. The square of the absolute value of amplitude 
gives power (e.g., Handy, 2004). Hence, the square of the 
amplitude spectrum is the power spectrum. The slope of 
a log–log plot of frequency and power gives an estimate 
of the power-law exponent. (Following the recommenda-
tions of Edwards et al. [2007], we contrasted the fit of the 
power-law function with the exponential and gamma func-
tions. For all of the participants, the power-law function 
provided a significantly better fit. Details of this analysis 
are presented in the Appendix.)

We performed this analysis on the time series of changes 
in point-of-gaze for each trial separately. Figure 10 shows 
the average power-law exponent as a function of trials for 
the participants who were at risk for discovering parity. 
The light gray line shows the participants who eventu-
ally discovered parity; the darker line shows those who 
did not discover it during the experiment. Note that the 
participants contributed to the average for all trials up to 

measures of dynamic organization that we employed as 
predictors were computed from previous trials, not from 
the current one. Therefore, the rise and fall in entropy an-
ticipates the discovery; it is not a consequence of using the 
new approach (i.e., parity).

Other, more traditional predictors, such as response 
time on the prior trial, prior accuracy, and number of sac-
cades on the prior trial, did not contribute significantly to 
the model [largest change in 2LL, 2(1)  1.51, n.s.]. 
Similarly, the estimated effects for both prior-trial and 
prior-trial2 did not change appreciably when the standard 
measures were added to the model.

Power-law behavior. We performed a power spectral 
analysis to quantify the power-law exponent for each trial 
separately. We used a fast Fourier transform to decom-
pose the time series into its amplitude spectrum, a set of 
sine waves of varying amplitudes across a spectrum of 
frequencies (Aks, 2005). Frequency is inversely related 
to time (i.e., larger frequencies span smaller time scales, 
and smaller frequencies span greater time scales). The 
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Figure 10. The main figure shows the mean power-law exponent for all trials prior to dis-
covery, with separate curves for the participants who discovered parity (light gray line) and 
for those who did not (dark gray line). The participants who discovered parity contribute to 
the means represented by the light gray up to the trial on which they discovered parity. The 
participants who did not discover parity contribute to the means represented by the dark 
gray line on all trials. The insets illustrate the effect of timing of discovery (i.e., discovery 
trial) on the quadratic term. (A) An example of the predictions for relatively early discovery; 
discovery occurs on Trial 17. (B) Predictions for later discovery, on Trial 24.


