SRT and perceptual sequence learning      13

Running head: Unconscious perceptual sequence learning
Unconsciously learning task-irrelevant perceptual sequences
Xiuyan Guo  
School of Psychology and Cognitive Science, East China Normal University

 Department of Psychology, Fudan University
Qian Zhang  Jinghua Tang  Yan Gao  
School of Psychology and Cognitive Science, East China Normal University
Lei Zhu  
Department of Psychology, Fudan University
Zhiliang Yang  
School of Psychology and Cognitive Science, East China Normal University
Zoltan Dienes
School of Psychology, University of Sussex
Correspondence concerning this article should be addressed to: 

Prof. Zoltan Dienes
School of Psychology, University of Sussex
Falmer, Brighton BN1 9QH, UK
Phone: +44 1273 678550 

Fax: +44 1273 678058
Email: dienes@sussex.ac.uk 

Abstract

We demonstrate unconscious learning of task-irrelevant perceptual regularities on a Serial Reaction Time (SRT) task. Participants were required to respond to different letters ('F' or 'J') which occurred in random order. Unbeknownst to participants, the brightness (black, grey or white) and location of the letters (left, middle or right on the screen) varied according to certain rules. Four random blocks were inserted into the sequence to test if subjects learnt these task-irrelevant rules. Reaction time indicated that people indeed learnt both types of cue, indicating that task-irrelevant sequence structure can be learned perceptually. In a subsequent prediction test of knowledge of each cue, people were at least as accurate when they thought they were guessing as when they had some confidence, demonstrating unconscious judgment knowledge.  
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Unconsciously learning task-irrelevant perceptual sequences

1.Introduction
Implicit learning can occur without the intention to learn and without awareness of what has been learned (Reber, 1989). Such learning can lead either to an increase in the number of correct judgments (Reber, 1989) or to faster responding (Nissen & Bullimer, 1987; which may be different cases, judgment-linked and motor-linked implicit learning, respectively, in the terminology of Seger, 1998). Although implicit learning goes beyond the limits of intentions to learn and what one is conscious of knowing, implicit learning does have limits. Characterizing what those limits are though is difficult.  For example, for motor-linked implicit learning, there has been debate over whether perceptual sequences can be learned as such (rather than motor sequences or perceptual-motor links, e.g. Willingham, Nissen & Bullemer, 1989) and if they can, whether the perceptual cues have to be task relevant (Jimenez & Mendez, 1999). Here we will explore these suggested limits using the SRT (Serial Reaction Time) task. In a standard SRT experiment, participants are required to respond to sequences of objects, in which at least one of the dimensions of these objects, such as spatial locations, colors, shapes, or letters, are regulated in a fixed or probable way. The fact that people become sensitive to the underlying structure of these sequences has been testified in many experiments, showing that reaction times (RTs) are facilitated by regularities in the sequences (Nissen & Bullemer, 1987; Cohen, Ivry, & Keele, 1990; Curran, & Keele, 1993; Cleeremans, & McClelland, 1991; Rowland, & Shanks, 2006). 
A point of debate in the literature has been whether the SRT task demonstrates only motor learning or also perceptual learning. Gheyson, Gevers, De Schutter, Van Waelvelde, and Fias (2009) argued that while motor learning had been amply demonstrated, previous studies had not unambiguously shown the learning of perceptual information because of possible problems including covert responding (Howard, Mutter, & Howard, 1992) or the learning of eye movements (Mayr, 1996). Gheyson et al show that when these problems are addressed, implicit perceptual learning can occur on the SRT task, even if it occurs more slowly than motor learning. If learning perceptual features does not define a hard constraint, are there other constraints on implicit learning? In the Gheyson et al study, the perceptual information was relevant to predicting the right motor response. Consistently, Van den Bos and Poletiek (2009) argued that people implicitly learn only aspects of a structure that are useful to the task they perform. Similarly, Jimenez and Mendez (1999) argued that only stimulus details selected for processing in working memory because of task demands can participate in implicit learning. However, Perlman and Tzelgov (2005) and Rolands and Shanks (2006) provide apparent counter-examples to both these claims. Perlman and Tzelgov found that when people had to name the display colors of a sequence of words, they learnt about the sequence of color words themselves. In this case people learnt about aspects of the task not useful to them, which they had no need to keep in working memory. However, the Stroop effect showed how likely it was that the words were in working memory, primed to be processed. Roland and Shanks (2006) showed people could learn an irrelevant sequence of positions occupied by one shape when learning the sequence of locations of another shape. In this case as well, locations were plausibly primed to be processed, because the primary task was to respond to locations. We will investigate whether perceptual information that is not predictive of the correct motor response nor primed by the main task can nonetheless be learned.
.A key issue to establish is whether the learning is implicit. Neither Perlman and Tzelgov (2005) nor Roland and Shanks (2006) established whether people were aware of the acquired knowledge. But if this is not established, there is no way of knowing whether these studies tell us anything about specifically implicit learning. We use the trial-by-trial confidence methodology of Dienes (2008a) to establish if people were unaware of relevant knowledge, and thereby determine if the knowledge was implicit.
In sum, our aim was to establish whether on the SRT task perceptual learning could occur of genuinely task irrelevant information and in such a way that the resulting knowledge was implicit. If such learning exists, it would show some postulated limits of implicit learning are not hard and fast: Perceptual information need not be useful, nor even needed in working memory for task requirements, yet still be implicitly learnt. The participant’s task was to discriminate which of two letters were presented. The letters were presented in different locations and with differing levels of brightness. While location learning may involve learning eye movements, brightness is a purely perceptual feature. Neither location nor brightness predicted which letter would be displayed. Further, brightness added no information to predicting the next location, and brightness was not primed by task requirements. We assumed that RTs could nonetheless be facilitated by regularities in brightness as well as location. 
2. Method
2.1 participants
Thirty-Two undergraduates from East China Normal University (24 women and eight men; age: M = 20.03, SD = 0.73) took part in the experiment. All participants reported normal or corrected-to-normal vision. Participants were randomly assigned to the two groups. 

2.2 Design 

A 2 × 2 mixed design was adopted, with group (location vs. brightness) as the between-participant variable, and regularity (regular vs. random) as the within-participant variable. Reaction time (RT) was the main dependent variable. 

2.3 Materials
    The letters "F" or "J" were the target stimuli, presented on a 15 inch display with 1,024×768 pixel resolution, and a viewing distance of approximately 50 cm. The sequence of letters was random. Stimuli were presented at one of three locations of the display screen: the left (2cm from the left edge of the display screen), the middle (10cm from the left edge of the display screen) and the right (18cm from the left edge of the display screen). All stimuli were displayed at one of three levels of brightness: black (RGB 0, 0, 0), white (RGB 255, 255, 255) and gray (RGB 127.5, 127.5, 127.5) on a dark green background. 

    Four letters constituted a trial, and six trials composed one block. A 10 second break was inserted between each block. We will call four blocks a phase; in each phase there was one block of random trials. In regular trials, the location of the letters followed a specific order: right - left - middle – left. Gheyson et al (2009) demonstrated that perceptual learning was slower than motor learning and may require simple structures. Thus, our sequence contained both zero order and first order structure: There were unequal frequencies (zero order) and a single position could predict the next position within a trial (first order: right predicts left). In addition, when trials were run together, there was second order structure: left predicts both middle and right, but middle-left uniquely predicts right. The sequence of locations was thus completely determinate at the second order level.  The brightness of the letters also followed a fixed order with the same abstract structure: black - white - gray - white. That is, the property of right for location was always accompanied by the property black, etc; however, given knowledge of the sequence of locations up to a point, knowledge of brightness did not add to ability to predict the next location. 
On random trials, levels of brightness or position could occur with equal probability, with the constraint that no feature was immediately repeated. For the “location” group, only locations were randomized on random trials; in the same way, only brightness levels were randomized on random trials for the “brightness” group.
2.4 Procedure
All participants were tested individually. The experiment included two parts: the serial reaction time task and the prediction task. The serial reaction time task started with three practice blocks of random sequence, where the location and brightness of the letters were randomized. Subjects were told to press a corresponding key as quickly and accurately as possible according to whether an F or a J was presented. Sixteen blocks were presented after practice (four successive phases of four blocks each), including 12 regular blocks and four randomized blocks inserted at the 3rd, 7th, 11th and 15th positions..
 Next, participants were required to complete a prediction task. In the task, 36 short sequences were presented sequentially. These test sequences were either one, two or three trials long, starting at each of the four possible starting points, with each sequence repeated three times Three options were listed, where two answers were possible, either was counted as correct. The participants were informed that during the serial reaction time task, the location and brightness of stimuli followed a specific order, and were required to predict the location or brightness for the next item. Specifically, the participants from the location group predicted the location of the next item, whereas the participants from brightness group predicted the brightness of next item. After each prediction, participants rated their confidence for the each prediction on a 50-100 scale, in which 50 represented a complete guess and 100 represented complete confidence and any number in between could be used to reflect gradations of confidence (e.g. Kuhn & Dienes, 2005).

3 Results

An alpha rate of .05 was used throughout. 
3.1 RTs
For each subject, RTs that were more than or less than three standard deviations from the mean RT were excluded. 

The overall error rate was 4.41%. Mean RTs were computed by averaging across all correct trials within each block. Figure 1 shows consistent decreasing of RTs in regular blocks, which was confirmed by ANOVA, with blocks as within-subjects factor and groups as between-subjects factor. Analyses revealed a main effect of blocks (F(11, 330)  = 6.505,  ŋ2p = .178), and no detectable effect of group nor interaction, F(11, 330)  = 6.505, F(1, 30)  = 1.061; ŋ2p = .049, ŋ2p = .034.
----------------  Insert Figure 1 at about here ----------------

3.2 Learning effect
The learning effect was calculated as the difference between mean RTs of random blocks and the adjacent sequence blocks. As shown in Figure 2, both groups showed learning. A mixed ANOVA (with phase as within-participants factor and group as between-participants factor) showed a significant main effect for phase, and a significant interaction (F(3,90) = 9.734, ŋ2p = .245; F(3, 90) = 9.630, ŋ2p = .243. Simple effects showed that during the 1st phase, learning of location was greater than brightness, (t(30) = 4.747, d = 1.73); during the remaining phases there were no significant differences between groups (with Hochberg’s, 1988, sequential Bonferroni correction for multiple testing). Averaged over all phases, there was significant learning in the brightness group, t(15) = 3.966, d = 1.45, and in the location group, t(15) = 4.291, d = 1.57. That is, while learning was eventually shown by both groups roughly equally, location was learnt faster than brightness.
----------------  Insert Figure 2 at about here ----------------

Next we sought to determine whether learning was of sequence properties or just of frequencies of the elements. If people had learnt frequency information, they should respond faster to the high frequency elements (left, white) than the other elements. In fact, learning of frequencies was a small part of the overall learning effect. For the brightness group, there was not a detectable difference between RTs to white elements (401 ms) and the low frequency levels, black and grey (403 ms, on average), over all blocks, t(15) = 1.464, dz =.37. The difference is significantly less than the learning effect overall for brightness (2 vs. 11 ms), ruling out frequencies as an explanation for learning, t(15) = 4.598, dz = .99. Similarly, for location, the difference between higher (left, 416 ms) and lower frequency (middle and right, 417ms) was not significant over all blocks, t(15) = -.456, dz = .11. It was also significantly less than the learning effect for location (-1 vs. 16 ms), ruling out frequencies as an explanation for the learning, t(15) = -.4.213, dz = 1.07. That is, people did not learn frequencies, they learnt about the predictability of elements given other elements.
3.3 Prediction test and confidence rating

 Participants' knowledge about those regularities were assessed by prediction test, in which accuracy were consistently higher than chance (.33), for the brightness group (Mean = .70, SD = .188) , t(15) = 7.972, d = 2.06, and the location group (Mean = .50, SD = .182), t(15) = 3.707, d = .96. Less knowledge was expressed about location than brightness, t(30) = -3.161, d =1.15.. 

Prediction can be based on either conscious or unconscious knowledge. We assessed the conscious status of people’s knowledge by the guessing and zero correlation criteria (Dienes, 2008). Table 1 shows the classification accuracy for each group when people had a confidence of 50% and when they gave a confidence of 51-100%. In terms of the guessing criterion, we analysed participants’ accuracy when they claimed they were guessing, i.e. gave a confidence rating of exactly 50%., There were eight such people in the location group and 10 in the brightness group. The performance of these participants was still consistently greater than chance, .33, (t(7) = 2.922, t(9) = 5.918; d = 1.10, 1.97), indicating unconscious knowledge by the guessing criterion. If participants take it as given that no feature may repeat, then the baseline for showing they have learnt more than this simple rule is .50. By this stricter criterion, performance over both groups when people said they were guessing was still greater than chance, t(17) = 2.68, d = .63, and individually so for the brightness group, t(9) = 2.79, d = .88. Note however that 6% of false alarms were immediate repeats, showing at least some people thought all three options were possible. 
According to zero-correlation criterion (Dienes, 2004), there exists unconscious knowledge if there is no relation between confidence and accuracy. The difference in accuracy between guessing and any amount of confidence was non-significant for each group alone (brightness, mean difference = -.02, t(9) = -.187, dz = .06; location, mean difference = .14) t(7) = 1.523, dz = .54) and for all data together (mean difference = .05), t(17) = -.712, dz = .17. The assertion of unconscious knowledge in this case relies on a non-significant result (contrast the guessing criterion). In general, a non-significant result may be evidence for the null hypothesis or it might just reflect insensitivity, i.e. not evidence for anything. Dienes (2008b) indicates how a Bayes Factor can be used to distinguish these cases. A Bayes Factor near one indicates data insensitivity. The closer it is to either zero or infinity, the more the data actually provides evidence for the null over the theory or for the theory over the null. We used the suggestions of Dienes (2010) for specific assumptions for calculating a Bayes Factor for the zero correlation criterion, comparing the theory that ‘there is some conscious knowledge’ to the null hypothesis. Given an overall mean prediction rate (.63) which was .30 above chance baseline (.33), we assumed the probability density for the mean population size of the zero correlation criterion (measured as performance when people have confidence minus performance when people believe they are guessing), assuming the theory that people had some conscious knowledge, was a normal with mean .30 and standard deviation .15 .See Dienes (2010) for justification and explanation: We are following the advice there exactly and so making no idiosyncratic assumptions for the current data. The Bayes Factor in favor of the null hypothesis over the theory (that participants had conscious knowledge) was 5.5. Jeffreys (1961) suggested any value above three (or, equivalently, below a third) could be regarded as substantial. Thus, the non-significant result we obtained is indeed evidence for unconscious knowledge and not just an insensitive result. In summary, a substantial proportion of people (i.e. those people who gave both guessing and confident responses) could not distinguish when they knew something and when they were guessing, indicating a lack of awareness of their knowledge. 
In sum, both the guessing and zero correlation criteria establish the implicit nature of the learning. 
----------------  Insert Table 1 about here ----------------

4 Discussion

The main purpose of the current experiment was to explore possible limitations on implicit learning, especially as shown on the SRT task, i.e. in reaction times: Whether people could learn perceptual features which were task irrelevant, with no demands for them to be encoded in working memory. By showing genuinely implicit learning occurred in this case, it cannot be the case that implicit learning only occurs for features that are part of the task requirement (Jimenez & Mendez, 1999), nor only for features that are most useful for task performance (Van den Bos & Poletiek, 2009), nor only for motor regularities or perceptual-motor contingencies (Willingham, Nissen & Bullemer, 1989). Our results show that none of these suggested limitations are hard and fast limitations on implicit learning. Indeed, when all suggested limitations applied together, implicit learning still occurred. We showed learning of regularities in stimulus brightness and location when the only task of participants was to decide on the identity of a letter.
The fact people can learn artificial grammars demonstrates implicit perceptual learning (e.g. Reber, 1989; Dienes 2008a). However, Seger (1998) argued that different mechanisms may underlie learning in the SRT task, which ultimately involves the speeding of motor responses, rather than learning artificial grammars, which involves making judgments. Indeed, the speeding of processing, or fluency, appears to play almost no role in artificial grammar learning (Scott & Dienes, 2010). Nonetheless, we showed that people could become sensitive to regularities in variations in a perceptual feature, brightness, in ways that affected their reaction times. As found by Gheyson et al (2009), we show perceptual learning on the SRT task. But motor learning and perceptual-motor learning may well be easier than purely perceptual learning on the SRT task. Gheyson et al found that when conditions were matched in many respects, motor learning was faster than perceptual learning. This may be one reason we found faster learning of location regularities than brightness regularities; location regularities may be learnt as a sequence of eye movements, and hence amount to a form of motor learning. 
Van den Bos and Poletiek (2009) argued that people only implicit learn what is useful, or even most useful, for task performance. Similarly, Jimenez and Mendez (1999) argued that information must be in working memory to contribute to learning. Eitam, Schul, and Hassin (2009) suggest that the structure of a dimension may only be learnt when the dimension is goal relevant.  Location is a special property of an object in that focusing on the right location facilitates processing of the object. Thus, knowing the location sequence would be useful to task performance, even though location is not explicitly part of task requirements. This may be another reason why the location sequence was learnt before the brightness sequence. But would learning brightness be useful at all? Brighter objects can lead to more accurate responses than dim objects (Martin, 1970; Farnè, 1977). However, in the way we manipulated brightness, there was no significant difference in RT between bright (white) stimuli and other stimuli (t(15) = -1.464, d = .06). Further, brightness did not allow prediction of location, over and above the prediction allowed by knowing the two previous locations, which completely determined the next location. Nonetheless, brightness was perfectly correlated with location, and location, as argued above, would be useful to predict. Thus, it may be in these special circumstances, we could entice the implicit learning system to learn regularities irrelevant to task performance, of no further useful predictive power for task performance in themselves (contrast van den Bos & Poletiek), and not specified by any task requirement for encoding in working memory (contrast Jimenez & Mendez). The limitations specified by these authors may indeed be very relevant (as suggested even within our own data in the ease of learning location versus brightness) - but as soft rather than hard constraints. A sufficiently easy sequence may still be learnt despite them - just as the failure to learn unattended stimuli (Tanaka, Yamada, Dienes, & Shigemasu, 2008) may not be absolute (Chun & Jiang, 1998; Eitam et al 2009; Rowland & Shanks, 2006).
To conclude, a simple structure of irrelevant perceptual information can be implicitly learnt in such a way that it speeds responses on a different task. Specifying the actual limits on implicit learning remains a difficult but important goal.
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Figure Captions

Figure 1. Mean reaction times over blocks for the two groups. 

Figure 2. Learning effect measured as RT in the random blocks minus RT in the adjacent regular blocks. 
Table1. Mean percent correct in prediction for different confidence ratings.
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	Response Proportion 
	N
	Response accuracy

	   Brightness
	Guess(conf = 50)
	.55 (.153)
	10
	.65(.170)

	
	confident

(conf > 50)
	
	16
	.67(.244)

	Location
	Guess(conf = 50)
	.46 (.068)
	8
	.63(.287)

	
	confident

(conf > 50)
	
	16
	.49(.254)

	
	Total-Guess
	.51 (.127)
	18
	.64(.222)

	
	Total-Confident
	
	32
	.59(.258)




















