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Abstract 

  We investigated the extents of automaticity in location and orientation encoding in visual 

working memory (VWM) by manipulating their task relevance and assessing the amount of 

resource recruited by their encoding. Across five experiments, participants were surprised with a 

location report trial (Experiment 1A, 2A, and 3) or an orientation report trial (Experiment 2A and 

2B) at a point when only the item’s color had been task relevant. This was followed by control 

trials to assess the memory quality of color when location or orientation had become task 

relevant. We found the surprise trial performance to be significantly worse than the first control 

trial for both location and orientation, although to a greater extent for orientation for which there 

was virtually no measurable information from the subjects’ reports. This was the case even when 

encoding was the only incidental memory process before the control trials (Experiment 2A and 

2B), and the surprise memory costs cannot be attributed to the unexpectedness inherent to the 

surprise question (Experiment 3). The control trials revealed a consistent reduction of color 

memory only in the orientation experiments. These results suggest that although location 

encoding is more automatic than orientation, neither is encoded in a fully automatic manner. Our 

results show that incidentally encoded location is only coarse-grained, constraining the spatial 

precision of space-based indexing systems. 

Keywords: visual working memory, automaticity, delayed estimation  
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Location Has a Privilege, but It Is Limited: Evidence from Probing Task Irrelevant Location 1 

 2 

Visual working memory (VWM) provides a means to rapidly store readily accessible, 3 

task relevant visual information. However, to understand the automaticity of information 4 

encoding, it is essential to study the memory of visual information when it is task irrelevant. To 5 

illustrate, the classic dual-mode model (Schneider & Shiffrin, 1977) postulates an automatic 6 

process to be a sequence of subprocesses that would “(nearly) always become active in response 7 

to a particular input configuration” (p. 2). This contrasts with controlled processes, where the 8 

sequence of subprocesses is activated through intentions and thus requires control resources. 9 

Accordingly, automatically encoded information should survive at least two tests: First, its task 10 

relevance should have no bearing on how well it is encoded, as the sequence of subprocesses 11 

underlying its encoding should always activate regardless of the task requirements, such that all 12 

available information would be encoded incidentally. The second test is that encoding this 13 

information should incur no evident cost to other cognitive operations (and vice versa), as an 14 

automatic process will recruit no control resources (see also Moors & De Houwer, 2006). 15 

An example of automaticity in memory encoding is demonstrated in the contextual 16 

cueing effect (Chun & Jiang 1998), where spatial configuration is encoded even when it is not 17 

explicitly task relevant. After consistent mappings between the location of a search target and a 18 

specific embedding spatial configuration, search is sped up when the target is presented in the 19 

associated configuration, even if no explicit memory of that configuration is formed (Chun & 20 

Jiang, 1998). This finding suggests that spatial contexts can be implicitly acquired over repeated 21 

exposure and are represented along with the target (Chun, 2000; Chun & Jiang, 1998). In VWM 22 

paradigms, however, target locations and other attributes often vary unpredictably from trial to 23 
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trial. Thus, for models organizing working memory representations on spatial reference frames 24 

(e.g., Bays, 2014), location encoding must not only occur incidentally, but such incidental 25 

encoding must also be flexible and rapid (on the scale of individual trials). Therefore, the 26 

encoding of location regardless of its task relevance is a necessary assumption behind these 27 

models, whereas resource-free location encoding would be a helpful support to their cases. 28 

Similarly, rapid and incidental encoding of all other task irrelevant attributes of an attended item 29 

would be necessary if VWM representations have to be object-based (e.g., Luck & Vogel, 1997). 30 

In the following pages we will review past studies discussing the automaticity of the trial-by-trial 31 

encoding of location and other features (e.g., color, shape, spatial frequency, orientation) with 32 

the lens of the two tests of automaticity from the dual-mode framework (i.e., whether the 33 

information is encoded when task irrelevant, and whether such encoding requires a substantial 34 

amount of resource). For convenience, in the rest of the article, we will refer to features other 35 

than location and the updating of location (i.e., movement) simply as “nonspatial” features. 36 

The effect of task relevance on VWM representations has been studied with tests of 37 

memory that are explicit (i.e., directly probing a task irrelevant feature) or implicit (i.e., 38 

measuring the effect of a task irrelevant feature through its influence on the ongoing task). In 39 

studies using an explicit task, task relevance seems to have minimal effect on location memory 40 

but strongly modulates the memory of nonspatial features. Participants who were not instructed 41 

to remember location did not remember it any worse than those who knew location was task 42 

relevant (Mandler et al., 1977; McCormack, 1982; Pezdek & Evans, 1979; Schulman, 1973; 43 

Smith & Milner, 1989; Zechmeister et al., 1975), nor were participants any worse at reporting 44 

location in a surprise trial compared to the next post-surprise trial (Chen & Wyble, 2015a, 2016, 45 

2018). However, unexpectedly probing a task irrelevant nonspatial feature resulted in very low 46 
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accuracy (Chen & Wyble, 2015a, 2015b, 2016, 2018; Eitam et al., 2013; Shin & Ma, 2016; 47 

Wyble et al., 2019). Non-dichotomous manipulation of task relevance through test probability 48 

showed similar results, as the probability of being tested modulates memory for shape and color 49 

(Pilling & Gellatly, 2013; Van Lamsweerde & Beck, 2011) but not location (Van Lamsweerde & 50 

Beck, 2011). 51 

In contrast, studies using implicit tests of memory provided evidence that task irrelevant 52 

features, be they spatial or nonspatial, can be remembered to some extent. For example, an 53 

irrelevant feature of an item currently being maintained in VWM can attract attention and 54 

influence a concurrent visual search task – and such evidence has been found for location 55 

(Hollingworth & Bahle, 2020; De Vries et al., 2018; but see Sala & Courtney, 2009; Van 56 

Moorselaar et al., 2014) as well as nonspatial features (Foerster & Schneider, 2018, 2020; Gao et 57 

al., 2016; Hollingworth & Luck, 2009; Hollingworth et al., 2013a, 2013b; Soto & Humphreys, 58 

2009; Thayer et al., 2021; but see Olivers et al., 2006; Sala & Courtney, 2009). A related line of 59 

studies found that memory of the relevant feature can be impaired if a mismatch exists between 60 

the study and the test display along an irrelevant feature dimension – both when the irrelevant 61 

mismatch occurs spatially (Gu et al., 2020; Jiang et al., 2000; Rajsic & Wilson, 2014; Vidal et 62 

al., 2005; but see Woodman et al., 2012) or along a nonspatial feature dimension (Ecker et al., 63 

2013; Gao et al., 2010; Hyun et al., 2009; Yin et al., 2012; Yin et al., 2011; but see Shin & Ma, 64 

2017). In addition, some studies showed that irrelevant location information influences the 65 

ongoing task more readily, consistent with superior memory for location in the explicit studies. 66 

Directly comparing the amount of implicit influence from irrelevant location and irrelevant 67 

nonspatial features, Logie et al. (2011) showed that the effect of irrelevant mismatching of 68 

location, color, and shape all dissipated at longer study-test intervals, but the influence from 69 
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location mismatch was the most persistent (see also Bocincova et al., 20171). In addition, feature 70 

misbinding errors were elevated when items incidentally shared the same location but not when 71 

they incidentally shared the same color (Pertzov & Husain, 2014; Schneegans et al., 2021).  72 

Turning now to resource recruitment as a means to assess automaticity, remembering an 73 

additional feature in VWM has been shown to take up additional cognitive resources, no matter 74 

whether the feature is spatial or nonspatial. Memory costs have been observed when the number 75 

of to-be-encoded features increased, both in the case where the tested features were nonspatial 76 

(Cowan et al., 2013; Fougnie et al., 2010; Hardman & Cowan, 2015; Oberauer & Eichenberger, 77 

2013; Swan et al., 2016; but see Luck & Vogel, 1997; Shin & Ma, 2017; Vogel et al., 2001), or 78 

spatial (Palmer et al., 2015). Furthermore, dual-task costs have been observed when participants 79 

were maintaining memory of nonspatial features (Cowan & Morey, 2007; Ricker et al., 2010) or 80 

spatial features (Oh & Kim, 2004; Woodman & Luck, 2004). Consistently, the amplitude of the 81 

contralateral delay activity (CDA), which increases with working memory load (Vogel & 82 

Machizawa, 2004), was found to increase to a similar extent when color or location was the 83 

relevant feature (Hakim et al., 2019). Still, the CDA has been shown to correlate with the number 84 

of to-be-remembered items but dissociate with the feature load (Quak et al., 2018), and thus the 85 

CDA increase observed in Hakim et al. (2019) may reflect a feature-nonspecific recruitment of 86 

resources modulated by the memory set size. 87 

Summary and Current Study 88 

 
1 Boncincova et al. (2017) replicated this data pattern reported by Logiet et al. (2011) but the interpretations they 

provided were quite different. Logie et al. (2011) posited that all features were initially bound in perceptual/ sensory 

memory, but irrelevant features were gradually inhibited during the formation of VWM. However, Bocincova et al. 

(2017) showed that the dissipation of the irrelevant change effect can be entirely accounted for by the gradual decay 

of the sensory memory trace, as the irrelevant change effect was eliminated across all study-test intervals when the 

sensory trace of the memory array was eliminated via masking. 
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From these studies, we learn that spatial information is typically easy to report whether it 89 

is task relevant or not, but the case for nonspatial information is more nuanced: When nonspatial 90 

information is task irrelevant, there is poor accuracy in explicit memory tests, but implicit 91 

measures suggest that at least some of this information is maintained. On the other hand, a 92 

requirement to remember spatial or nonspatial information were both shown to recruit additional 93 

resources, resulting in a cost to memory performance. Therefore, while both types of information 94 

show automaticity in certain ways, location memory has more substantial, though not 95 

unequivocal, evidence of being automatic.  96 

It is also important to note that different sub-processes of memory, such as encoding, 97 

maintenance and retrieval may differ in automaticity. If evidence for full automaticity were 98 

present for both tests of automaticity described above (that memory was unaffected by task 99 

relevance and did not recruit additional resources) then we could infer that all memory sub-100 

processes were fully automatic. However, a failure to observe full automaticity could be linked 101 

to any of these sub-processes, requiring further study.   102 

Thus, the purpose of the current study is twofold: (1) to test whether the incomplete 103 

automaticity in location memory as suggested by the resource recruitment evidence can be 104 

demonstrated as a task relevance memory effect if a highly sensitive continuous estimation test is 105 

used, and (2) to specifically investigate the automaticity of the encoding process for both spatial 106 

and nonspatial information by minimizing the influence of post-encoding processes. In addition 107 

to referencing the two tests of automaticity from the dual-mode framework (Schneider & 108 

Shiffrin, 1977), we also adopted a graded, nonbinary view of automaticity (Hasher & Zacks, 109 

1979; Logan, 1985), such that the degree of which processes are gated by task relevance and the 110 

amount of resource they recruit can vary along a continuum.  111 
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With these in mind, we chose to use a surprise test paradigm coupled with a delayed 112 

estimation task as in Swan et al. (2016). In their study, participants were instructed to remember 113 

only the color of a stimulus and perform the color task for 25 trials, before being unexpectedly 114 

probed to report an irrelevant feature, orientation, on the 26th trial. After the surprise trial, either 115 

the always-relevant feature (color) and the additionally required, critical feature (orientation), 116 

were tested randomly on each trial. This paradigm is instructive for the current purpose because 117 

it encompasses the two tests of automaticity: The comparison between the surprise trial and the 118 

first post-surprise trial for the critical feature tests whether task relevance affects the memory of 119 

that feature, and the comparison of color reports in the pre-surprise and the post-surprise trials 120 

tests whether the additional requirement to remember the critical feature induces a cost to the 121 

memory of the always-relevant feature. This paradigm also allows us to change the encoding 122 

status of features without modifying the complexity of the display.    123 

In the current study, we assessed and compared the automaticity of the encoding of 124 

location and orientation across five experiments. Except for Experiment 3, the always-relevant 125 

feature was color. The critical feature was location in Experiment 1A and 2A, and it was 126 

orientation in Experiment 1B and 2B. Location was always the tested feature in Experiment 3. 127 

Experiment 1A and 1B showed that both orientation and location was reported less accurately on 128 

the surprise trial compared to the first post-surprise trial, although this difference was larger for 129 

orientation. In addition, color memory grew worse in the post-surprise trials in both Experiment 130 

1A and 1B. The incomplete automaticity cannot be fully attributed to post-encoding processes 131 

such as active inhibition of irrelevant features (Experiment 2A and 2B, see Logie et al., 2011) or 132 

interference from the unexpectedness inherent to the surprise trial (Experiment 3, see Swan et al., 133 
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2017). Taken together, our results suggest that location encoding is more automatic than 134 

orientation encoding, but neither are fully automatic. 135 

Experiment 1A and 1B 136 

Methods 137 

The experiment scripts, data, and replication registration are available at 138 

https://osf.io/8k79z/. While the experimental design complied with the pre-registerded plan, 139 

some deviations exist in the analysis methods. This includes the use of the two-component 140 

mixture model (Zhang & Luck, 2008) instead of the target confusability competition model 141 

(Schurgin et al., 2020) to fit the error data from the continuous estimation task, the additional use 142 

of the replication Bayes Factors (Ly et al., 2019; Verhagen & Wagenmakers, 2014), and the 143 

omission of permutation analyses in comparing single-trial accuracies. These analysis methods 144 

will be detailed and justified below. Additional description of these deviations, alongside the 145 

descriptions of the initial experiments which Experiment 1A and 1B replicate, can also be found 146 

in the supplemental materials. Note also that Experiment 2A, 2B, and 3 are not pre-registered nor 147 

are they replication experiments. 148 

The experiments were programmed in JavaScript with the PsychoJS library and hosted 149 

with Pavlovia (Peirce et al., 2019). Analyses were aided with R v4.0.2 (R Core Team, 2020), the 150 

MemToolbox (Suchow et al., 2013) and JASP v0.14 (JASP Team, 2020). The experiments were 151 

approved by the institutional review board at the Pennsylvania State University. 152 

Participants 153 

Experiment 1A had a sample of 77 (M = 18.59 years, SD = 0.83 years) and experiment 154 

1B had a sample of 80 (M = 18.93 years, SD = 1.71 years). These sample sizes were set to 155 

https://osf.io/8k79z/
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approximate the sample size of a separate set of initial experiments, the design of which 156 

Experiment 1A and 1B each replicate (see supplemental materials). 100 participants were 157 

recruited for experiment 1A, with 17 being excluded for poor performance in the response 158 

training task and 6 excluded for poor performance in the main task; 135 participants were 159 

recruited for experiment 1B with 47 excluded for the response-training task and 8 for the main 160 

task (see Design for task descriptions and exclusion criteria). All participants were recruited from 161 

the Penn State University subject pool in exchange for course credits. 162 

Design 163 

 The major variables of interest were assessed in the main task, which consisted of a 164 

surprise trial paradigm coupled with a delayed estimation task. To ensure that participants 165 

understood how all features can be reported, the main task was preceded with a response-training 166 

task in each of the experiments. Note also that the experiments were completed online, so that 167 

stimuli sizes and distances are reported in pixels instead of visual angles. 168 

 Response-Training Task: Perceptual Matching. The response-training task was 169 

identical in experiment 1A and 1B. It consisted of blocks of perceptual matching trials of color, 170 

location, and orientation (10 trials each). On color trials, a uniformly colored circle (radius = 50 171 

px) is presented on the left half of the screen. Another circle of the same size was placed on the 172 

right half and was surrounded by a color wheel (radius = 125 px). The color of the right circle 173 

varied with the cursor’s position relative to the color wheel with colors spanning through the 174 

entire hue dimension in the HSV color space (with full saturation and lightness value). 175 

Participants were to use their cursor to adjust the color of the right circle such that the colors of 176 

the circles matched as well as could be achieved. The location and orientation matching trials 177 

were similar. On location trials, a white circle (radius = 50 px) marks a position on a centered 178 
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circular ring (radius = 300 px), and participants used their cursor to adjust the position of an “X” 179 

(height = 40 px) on the same circular ring to match its position to the circle’s. On orientation 180 

trials, a “pacman” in black (i.e., a circle with a wedge removed, radius = 50 px, sector angle = 181 

20°) was presented on the left. Participants were to use their cursor to adjust the orientation of 182 

another black pacman on the right so that the two pacmen have the same orientation. The feature 183 

value of the match target for each feature would be randomly chosen from a pre-generated 184 

sequence of values equally distributed on the circular scale. Unlimited time and chances were 185 

provided until participants were satisfied with the match and pressed the spacebar to proceed. 186 

The next trial would begin after 500ms. The trials were blocked by the feature type and block 187 

order was randomized across participants. 188 

 Errors were calculated by subtracting the match target’s value from the reported value. 189 

Participants with absolute errors larger than 10° in any of the last three trials requiring perceptual 190 

matching of the critical feature (i.e., location for participants in experiment 1A and orientation 191 

for participants in experiment 1B) were excluded from further analyses. This strict criterion 192 

follows the decision by Swan et al. (2016) and aims to minimize the opportunity that participants 193 

could not report the critical feature on the surprise trial in the subsequent delayed estimation task 194 

because they were unable to use the reporting method for any reason. 195 

 Main Task: Delayed Estimation. The delayed estimation task was labelled as 196 

“Experiment 2” to help participants establish that they should not carry expectations forward 197 

about the requirement to report orientation or location into the main task. The trial sequence is 198 

depicted in Figure 1A. The critical feature in the main task was location for experiment 1A and 199 

orientation for experiment 1B but the task was otherwise identical. Each trial started with a white 200 

fixation cross (height = 20 px) at the screen center for 300ms, before the to-be-remembered item 201 
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was presented for 150ms. The item varied randomly and uniformly in color, location, and 202 

orientation: It had a pacman-like shape, with a radius of 50 px and a sector spanning 20°. While 203 

the sector remained uncolored, the remaining portion had a random color from the color wheel. 204 

The orientation of the sector would vary randomly from 1 to 360°. In addition, it sat on a random 205 

location on a centered circular outline (radius = 300 px). The memory item was then masked for 206 

100ms. After a 1000-ms blank delay interval, the fixation and the outline circle reappeared, and 207 

participants reported the memorized value of the probed feature attribute. 208 

 Participants were instructed to only remember the item’s color and they would first 209 

complete 25 color pre-surprise trials. On the 26th trial (the surprise trial), the critical feature was 210 

unexpectedly probed using the same procedure as in the response-training trials that they had 211 

previously completed, except that they were now responding based on memory. Then, for the 212 

27th to the 50th trial (i.e., the post-surprise trials), color or the critical feature was randomly 213 

probed with equal chance. The test screen that appeared after the 1000-ms blank delay varied 214 

according to the probed feature. On color probe trials, a circle (radius = 50 px) would be 215 

presented at the screen center surrounded by a color wheel (radius = 125 px). The circle’s color 216 

was adjustable with the cursor’s position. On location trials (only present in experiment 1A), a 217 

black “X” (height = 40 px) was presented on the outline circle, and the location of the “X” was 218 

adjustable with the cursor. On orientation trials (only present in experiment 1B), a black pacman 219 

with cursor-adjustable orientation was presented at the screen center. Participants were asked to 220 

adjust the probed feature to match the remembered feature as well as possible. A feedback screen 221 

with both the correct value and the reported value would then be presented until participants 222 

pressed the spacebar again. The next trial would begin 500ms afterwards. On the surprise trial, a 223 

text string was presented 160 px below the screen center concurrent to the test display onset and 224 
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read “This is a surprise test. What was the [critical feature] of the stimulus?”, with the text for the 225 

critical feature being “location” in experiment 1A and “orientation” in experiment 1B. 226 

Similar to the perceptual matching task, errors were calculated by subtracting the 227 

memory item’s value from the reported value. The data from each experiment was grouped by 228 

the tested feature attribute (color or critical feature) and the trial type (pre-surprise, surprise, or 229 

post-surprise). 230 

 231 
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Figure 1. Trial Sequence of the delayed estimation task in different experiments. In Experiment 1A and 1B, location 

or orientation was unexpectedly probed when color was considered the only relevant feature. Experiment 2A and 2B 

followed this task structure, but the to-be-probed feature was always validly cued immediately after encoding. 

Experiment 3 always probed location, but the response method unexpectedly changed on the surprise trial.  
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Analyses 232 

Model Fitting. For the main task, in addition to analyses using the mean absolute errors, 233 

maximum likelihood estimates (MLE) were obtained by fitting the error values to the two-234 

component mixture model, which assumes a uniform distribution reflecting the probability of 235 

guessing (PU) and a von Mises distribution reflecting the probability that the target was indeed 236 

memorized, and its concentration parameter (s) reflects memory precision (Zhang & Luck, 237 

2008)2. For multi-trial data, i.e., data from pre-surprise trials and post-surprise trials, models 238 

were fitted per participant per condition. For single-trial data, i.e., data from the surprise trial and 239 

the first post-surprise trial, models were fitted per condition after collapsing across participants34. 240 

For each pair of fitted parameters, we used functions from the MemToolbox (Suchow et al., 241 

2013) to obtain Markov Chain Monte Carlo samples from the posterior distribution of s and PU 242 

respectively. The posterior samples are then used to form a 95% credible interval for each 243 

estimate. 244 

 
2 In the Results section, these parameters are interpreted according to the assumption of the model proposed by 

Zhang & Luck (2008). We note that the two-component assumption may not be shared by all researchers. For 

example, Schurgin et al. (2020) recently proposed a single-component model (the target confusability competition 

model) and suggested that the presence of guessing need not be assumed. When feature values on the report wheel 

are scaled with respect to their perceived similarity with the target (instead of their absolute similarity), one free 

parameter, the sensitivity index d’ suffices. Data analyses with the target confusability competition model, where 

applicable, are available in the supplemental materials. 
3 The data points in each condition were also fitted in the same manner to single-component models that either only 

allows s to vary or only allows PU to vary. With the Akaike Information Criterion, we found the two-component 

model to be the best-fit model in 13 out of the 18 total conditions throughout the paper, with an average advantage 

of 18.29 units over the s-only model and 139.45 units over the PU only model. In the remaining 5 conditions, the s-

only model has the best fit, but only with a small advantage over the two-component model (average advantage 1.26 

units). In other words, the two-component model is either the best-fit model or has a comparable fit as the best-fit 

model, and thus, we reported parameters fitted with the two-component model throughout the paper. See 

supplemental materials for details of this model comparison process. 
4 The number of observations to generate model estimates for each single-trial condition is equal to the sample size. 

We ran simulation analyses to show that the sample sizes in the experiments render adequate numbers of 

observations to provide reliable model estimates. See supplemental materials for details. 
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 In addition to the exclusion criteria based on the performance in the response-training 245 

task, participants were excluded if their performance in the delayed estimation task was poor for 246 

color or the critical feature in the pre-surprise or post-surprise trials (mean PU exceeding 0.4 or 247 

mean s exceeding 50°, following the criteria used by Swan et al., 2016).  248 

 Bayesian Analyses. As Experiment 1A and 1B are replication experiments with the same 249 

design as a separate set of initial experiments (see supplemental materials), we report the 250 

replication Bayes factor, which denotes the amount of evidence for or against the presence of an 251 

effect from the replication study when the prior distributions have been updated with the initial 252 

results (Verhagen & Wagenmakers, 2014). While direct alterations of the prior distribution can 253 

be performed, the replication Bayes factor is also simply the quotient when the combined Bayes 254 

factor (i.e., the Bayes factor computed from data from the initial and replication experiments 255 

combined) is divided by the initial Bayes factor, or: 256 

 BF(𝑑𝑟𝑒𝑝|𝑑𝑖𝑛𝑖) =  BF(𝑑𝑖𝑛𝑖 , 𝑑𝑟𝑒𝑝)  BF(𝑑𝑖𝑛𝑖)⁄  257 

where 𝑑𝑖𝑛𝑖 and 𝑑𝑟𝑒𝑝 refer to the data from the initial study and the replication study respectively 258 

(Ly et al., 2019, see also Harms, 2019). For comparisons between two samples, Bayes factor 259 

denoting the amount of evidence in favor of the alternative hypothesis, BF10 is reported. For 260 

factorial analyses, we report BFincl which denotes the amount of evidence for including the effect 261 

of interest in the model. The initial BFs and combined BFs can be found in the supplemental 262 

materials. 263 

Critical Feature Memory. Memory of the critical feature on the surprise trial (SUR) was 264 

compared with the first post-surprise trial (FPS) to assess the effect of task relevance, with the 265 

mean absolute error compared by a paired Bayesian t-test and the model parameters compared 266 
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through differences in their MLEs and overlaps between their 95% CIs. SUR and FPS yielding 267 

comparable performances would indicate that the encoding process is fully automatic, whereas 268 

finding memory on SUR being worse than FPS would indicate that one or more of the memory 269 

subprocesses have incomplete automaticity. In that case, further experiments would be needed to 270 

find out whether this memory cost is at least partly attributable to an encoding process that is not 271 

fully automatic. As we do not have the theoretical grounds to predict SUR to be better than FPS, 272 

all tests comparing FPS and SUR are one-tailed (H1: memory in FPS is better than memory in 273 

SUR). To account for the possibility that the SUR-FPS difference is exaggerated by participants 274 

deploying additional cognitive efforts on the first compared to subsequent post-surprise trials, 275 

comparison procedures for SUR and FPS were repeated to compare SUR with a random post-276 

surprise trial (RPS) for experiments where a SUR to post-surprise improvement is predicted. 277 

Details of this analysis can be found in the supplemental materials. 278 

To investigate any qualitative difference between SUR and FPS, we also compared the 279 

amount of categorical bias (Bae et al., 2015; Ester et al., 2020; Pratte et al., 2017) in these two 280 

trials. To this end, we computed the distance between the reported location or orientation value 281 

to its nearest canonical value (0°, 90°, 180°, or 270°) and used a two-tailed paired Bayesian t-282 

test to determine whether this distance is different between conditions (a smaller distance from 283 

the nearest canonical value us taken as evidence for a stronger categorical bias). In addition, the 284 

empirical cumulative distribution function from the SUR error distribution was compared with a 285 

theoretical cumulative distribution function of a uniform distribution ranging from -180 to 180 286 

with the Kolmogorov-Smirnov test to assess whether SUR memory is distinguishable from a 287 

noninformative, uniform distribution.  288 
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Color Memory. Color memory in the pre-surprise (Pre) and post-surprise trials (Post) 289 

were compared to assess whether the additional requirement to encode the critical feature 290 

recruited additional cognitive resources, resulting in a tradeoff against color memory. The logic 291 

is similar to the SUR-FPS comparison: Pre being indistinguishable from Post would indicate that 292 

the encoding for the critical feature is fully automatic, whereas Pre being worse than post would 293 

indicate that one or more of the memory subprocesses are not fully automatic, requiring further 294 

experimentations to narrow down the process(es) that contributed. The mean absolute error, 295 

MLE of s, and MLE of PU from Pre and Post will be compared by paired Bayesian t-tests. Again, 296 

one-tailed tests were performed as we do not expect Post to be better than Pre in any scenarios 297 

(H1: memory in Post is worse than memory in Pre). 298 

Results 299 

Effects of Task Relevance 300 

 Data from experiment 1A shows that location memory improved significantly from SUR 301 

to FPS (Figure 2A). The mean absolute error in SUR was 34.29° (SE = 0.53°), which decreased 302 

to 10.03° in FPS (SE = 0.75°), BF10 = 1.61E+04. The MLE of both parameters from the two-303 

component mixture model reflected an improvement from SUR to FPS. The precision parameter 304 

s decreased from 20.00° (95% CI [15.37, 26.06]) to 11.81° (95% CI [10.01, 14.70]), suggesting 305 

an improvement in memory precision. The probability of guessing, PU, also decreased from 0.24 306 

(95% CI [0.13, 0.37]) to 0.02 (95% CI [0.00, 0.08]). The Kolmogorov-Smirnov test shows that 307 

location memory in SUR was significantly different from a uniform distribution, D = 0.31, p < 308 

.001. The evidence is ambiguous as of whether the amount of categorical bias changed between 309 

SUR and FPS, distance from the nearest canonical value in SUR: 34.75° (SE = 1.78°), in FPS: 310 

34.09° (SE = 1.86°), BF10 = 0.75. 311 
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 Experiment 1B shows that orientation memory also improved significantly from SUR to 312 

FPS (Figure 2B). The mean absolute error decreased from 80.35° (SE = 5.81°) to 28.79° (SE = 313 

3.94°), BF10 = 1.45E+07. Model estimates reflect an improvement in memory precision, where s 314 

decreased from 69.27° (95% CI [65.28, 1094.79]) to 19.79° (95% CI [16.00, 27.30]), as well as 315 

an increased probability of memory being present, as PU decreased from 0.73 (95% CI [0.01, 316 

0.97]) to 0.20 (95% CI [0.10, 0.32]). However, the wide confidence intervals in parameter 317 

estimates for SUR suggest that the two-component mixture model does not describe the data in 318 

the surprise trial well. In fact, the Kolmogorov-Smirnov test shows that SUR was 319 

indistinguishable from pure guessing, D = 0.09, p = .585, This is also evident from visually 320 

inspecting Figure 2B. Again, the evidence is ambiguous on whether the amount of categorical 321 

bias changed between SUR and FPS, distance from the nearest canonical value in SUR: 28.20° 322 

(SE = 1.53°), in FPS: 28.01° (SE = 1.52°), BF10 = 0.44. 323 

 Furthermore, the improvement in memory from SUR to FPS was greater for orientation 324 

(Experiment 1B) than location (Experiment 1A), as a mixed Bayesian ANOVA suggests that the 325 

interaction effect between critical feature (between-subject: location or orientation) and trial type 326 

(within-subject: SUR or FPS) should be included in the model, BFincl = 42.30. See Figure 3 327 

(solid lines). 328 

Effect of Resource Recruitment 329 

 In experiment 1A, color memory got worse from the Pre trials to the Post trials, providing 330 

additional evidence that location memory encoding is not fully automatic (Figure 4A). The mean 331 

absolute error for color increased from 13.59° (SE = 0.53°) to 15.87° (SE = 0.75°), BF10 = 99.05. 332 

While s showed a numerical increase from 14.96° (SE = 0.49°) to 16.34° (SE = 0.65°), the 333 
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evidence was not strongly in favor or opposed to the presence of a decrease in memory precision, 334 

BF10 = 0.82. Still, PU showed a very small but evident increase from 0.035 (SE = 0.009) to 0.049 335 

(SE = 0.005), BF10 = 8.13, such that the probability of memory absent was slightly elevated 336 

despite being very low in both cases. 337 

 Experiment 1B shows that color memory was also worse in Post trials compared to Pre 338 

trials (Figure 4B), which is consistent with the earlier observation of the absence of automaticity 339 

in orientation memory. The mean absolute error for color increased from 12.71° (SE = 0.61°) to 340 

16.10° (SE = 0.75°), BF10 = 2271.45. The parameter s also increased from 13.69° (SE = 0.40°) to 341 

16.01° (SE = 0.66°), BF10 = 84.80, reflecting a decrease in memory precision. PU also increased 342 

slightly and less evidently, from 0.036 (SE = 0.007) to 0.057 (SE = 0.010), BF10 = 2.35. 343 

 To compare Experiment 1A and 1B, we performed a mixed Bayesian ANOVA with 344 

critical feature (between-subject: location or orientation) and trial type (within-subject: Pre or 345 

Post) using each measurement (mean absolute error, s and PU). The BFincl for the interaction term 346 

between critical feature and trial type is taken as evidence to support that shifting memory of 347 

location and orientation from incidental to intentional caused different degrees of tradeoff with 348 

color memory. However, the evidence is mostly inconclusive (mean absolute error: BFincl = 1.05, 349 

s: BFincl = 1.05, PU: BFincl = 0.53). 350 

Discussion 351 

 Data from Experiment 1A and 1B shows that neither location nor orientation memory 352 

could be remembered in a fully automatic manner, although location memory showed a higher 353 

degree of automaticity. Unknown is which memory subprocess(es) contributed to this lack of full 354 

automaticity. To illustrate, the observed task relevance effect could have been because less 355 
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information about the critical feature was encoded when it was deemed task irrelevant (i.e., 356 

incomplete automaticity in the encoding process), but it could also have been because of active 357 

inhibition of the critical feature due to its task irrelevance (Logie et al., 2011), or exclusion from 358 

active maintenance in the focus of attention.(Cowan, 2001; Oberauer, 2013) when it was task 359 

irrelevant (i.e., incomplete automaticity in post-encoding processes). Of course, it could have 360 

been that both encoding and post-encoding processes contributed to this effect. Similarly, the 361 

resource recruitment cost might have been contributed by one or more of these processes, and 362 

they do not have to match those contributing to the task relevance effect. Moreover, the 363 

automaticity of these memory subprocesses may differ for location and orientation.  364 

To isolate the automaticity of encoding to post-encoding processes, in Experiment 2A 365 

and 2B, the to-be-tested feature was indicated by an always-valid retro-cue (Park et al., 2017; 366 

Souza & Oberauer, 2016) presented immediately after the memory display. Therefore, on the 367 

surprise trial, the cue would make the critical feature task relevant immediately after the memory 368 

display rather than after the retention interval. Replicating the task relevance effect from the 369 

SUR-FPS comparison in Experiments 1 would strongly suggest that the effect was not caused by 370 

effortful post-encoding processes such as active inhibition or the lack of active maintenance of 371 

task irrelevant information. Also, on color trials, the cue would indicate color as the relevant 372 

feature immediately after the memory display, eliminating any motivation to maintain the critical 373 

feature further, making the encoding of the critical feature the only added requirement post-374 

surprise. Therefore, observing a resource recruitment cost from the color Pre-Post comparison 375 

would strongly indicate that the encoding process of the critical feature was not fully automatic. 376 
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Figure 2. The effect of task relevance on location encoding and 

orientation encoding across experiments. Location memory demonstrated 

a superior (to orientation), but incomplete degree of automaticity (A and 

B). Their incomplete automaticity can be attributable to the encoding 

process (C and D), but not interference from the unexpectedness of the 

surprise trial (E). MAE stands for mean absolute errors. s and PU are MLE 

of the two-component mixture model. Shaded areas are 95% credible 

intervals. 
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Figure 3. The differential effect of task relevance on location and orientation encoding across experiments in terms 

of absolute error (location data from Experiment 1A, 2A and 3 in red, and orientation data from Experiment 1B and 

2B in blue). SUR stands for surprise and FPS stands for first post-surprise. Error bars are mean standard errors.  
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Figure 4. Change in color memory when location or orientation was the critical feature across experiments. While the additional requirement to remember 

location and orientation both led to a tradeoff in color memory (A and B), this cost became less evident when only the encoding of location was additionally 

required (C). In contrast, the cost to color remained when only the encoding of orientation was additionally required (D). MAE stands for mean absolute errors. s 

and PU are MLE of the two-component mixture model. Shaded areas are 95% credible intervals.  
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Experiment 2A and 2B 377 

Methods 378 

 Unless specified below, the methods for Experiment 2A and 2B were identical to those 379 

for Experiment 1A and 1B. Experiment 2A had a sample of 78 (M = 18.66 years, SD = 1.01 380 

years) and 2B had a sample of 72 (M = 18.56 years, SD = 0.82 years). The sample sizes were set 381 

to approximate the sample sizes used in Experiment 1A and 1B. 129 participants were recruited 382 

for Experiment 2A, with 11 excluded for the response training task and 6 excluded for the main 383 

task. An additional 34 participants were excluded for not noticing the change in the retro-cue 384 

(see below for details). 170 participants were recruited for Experiment 2B, with 42 excluded for 385 

the response training task, 12 for the main task, and 44 for the retro-cue. None of the recruited 386 

participants participated in other experiments in this paper. 387 

 In the main task, participants were instructed that the relevant feature on each trial would 388 

be indicated by an always-valid word cue. This retro-cue (duration = 500ms) appeared 389 

immediately after the memory display and always validly indicated the to-be-probed feature. The 390 

structure of the surprise task paradigm was otherwise retained such that the critical feature was 391 

first cued and probed only in the 26th trial (see Figure 1B). To filter out participants who did not 392 

pay attention to the retro-cue, we included an end-of-experiment survey in which participants 393 

responded whether they noticed that the word cue switched from “COLOR” to “LOCATION” 394 

(Experiment 2A) or “ORIENTATION” (Experiment 2B). Participants who reported not noticing 395 

the word cue change were then excluded from further analyses.   396 

 As Experiment 2A and 2B were not replication experiments, the Bayes factors, where 397 

applicable, were computed with the default prior settings in JASP. Additional analyses were 398 
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carried out to compare the effects from these experiments to those in Experiment 1A and 1B 399 

respectively. 400 

Results 401 

Effects of Task Relevance 402 

 Despite the cue indicating the to-be-reported feature being presented immediately after 403 

the stimulus, data from experiment 2A showed once again that location memory improved 404 

significantly from SUR to FPS (Figure 2C). The mean absolute error in SUR was 45.97° (SE = 405 

5.36°), which decreased to 9.30° in FPS (SE = 1.54°), BF10 = 7.33E+06. To compare these 406 

results with experiment 1A, we performed a mixed Bayesian ANOVA with experiment 407 

(between-subject: 1A or 2A) and trial type (within-subject: SUR or FPS) and found the BFincl for 408 

the interaction term to be 0.73, indicating no strong evidence on whether the memory 409 

improvement was different between Experiment 1A and 2A. Consistent with the decrease in 410 

mean absolute error, the precision parameter s decreased from 22.01° (95% CI [13.46, 39.81]) to 411 

8.39° (95% CI [7.03, 10.47]). The probability of guessing, PU, also decreased from 0.44 (95% CI 412 

[0.24, 0.60]) to 0.06 (95% CI [0.02, 0.14]). The Kolmogorov-Smirnov test shows that location 413 

memory in SUR was significantly different from a uniform distribution, D = 0.24, p < .001. The 414 

evidence suggests that the amount of categorical bias was similar between trials, as the distance 415 

from the nearest canonical value in SUR (26.76°, SE = 2.34°) was numerically but not 416 

significantly smaller than that in FPS (31.70°, SE = 2.11°), BF10 = 0.332. 417 

 Experiment 2B shows that orientation memory also improved significantly from SUR to 418 

FPS (Figure 2D). The mean absolute error decreased from 79.61° (SE = 5.84°) to 25.18° (SE = 419 

3.69°), BF10 = 2.01E+09. Similarly, we compared this memory improvement with that in 420 
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Experiment 1B using a mixed Bayesian ANOVA which suggested that the amount of 421 

improvement was indeed similar across experiments (BFincl = 0.17 for the interaction term). 422 

Parameter s decreased from 114.57° (95% CI [10.51, 95.94]) to 15.88° (95% CI [12.42, 23.19]). 423 

The probability of guessing PU, however, increased from 1.18E-13 (95% CI [0.34, 1.00]) to 0.21 424 

(95% CI [0.10, 0.35]).  For both parameters, the CI for SUR was wide such that it overlaps with 425 

the MLE for FPS, although the Kolmogorov-Smirnov test shows that SUR was again 426 

indistinguishable from pure guessing, D = 0.12, p = .197. Evidence again suggests that 427 

categorical bias did not differ between trials, distance from the nearest canonical value in SUR: 428 

23.38° (SE = 1.7°), in FPS: 26.01° (SE = 1.81°), BF10 = 0.183. 429 

Comparing Experiment 2A and 2B, the improvement in memory from SUR to FPS was 430 

numerically greater for orientation than location, although a mixed Bayesian ANOVA did not 431 

provide strong evidence for or against including the interaction effect between critical feature 432 

and trial type to be included in the model, BFincl = 1.39. See Figure 3 (dotted lines).  433 

Effect of Resource Recruitment 434 

 In Experiment 2A, evidence shows that color memory did not grow worse from Pre to 435 

Post (Figure 4C). The mean absolute error in Pre was 13.96° (SE = 0.53°) and that in Post was 436 

14.65° (SE = 0.68°), BF10 = 0.15. The estimated precision in Pre was 15.24° (SE = 0.44°) and 437 

that in Post was 15.00° (SE = 0.71°), BF10 = 0.21. PU in Pre was 0.038 (SE = 0.009) and that in 438 

Post was 0.044 (SE = 0.007), BF10 = 0.31. However, the numerical values were very similar to 439 

those in Experiment 1A, and mixed Bayesian ANOVAs show that the BFincl for the interaction 440 

effects between experiment (between-subject: 1A or 2A) and trial type (within-subject: Pre or 441 

Post) are in general in favor of the Pre-Post cost being similar between experiments (mean 442 
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absolute error: BFincl = 0.54, s: BFincl = 0.32, PU: BFincl = 0.20). We reason that this discrepancy 443 

might be because of the fact that replication BFs were used for Experiments 1 but default prior 444 

BFs were used for Experiments 2. As the numerical resource recruitment cost from location 445 

encoding is quite small, the data might only be detectable as positive evidence in the case of 446 

Experiment 1A where the prior distribution was adjusted to be the posterior distribution from an 447 

initial experiment that found a similarly small effect size. We do not think it appropriate to apply 448 

replication BFs to analyze the data from Experiments 2 because their designs are different from 449 

the previous experiments, such that further research is required to figure out whether location 450 

encoding induces a cost or not. 451 

On the other hand, generally positive evidence was found for a memory cost to color in 452 

the Pre-Post comparison in Experiment 2B (Figure 4D). The mean absolute error for color 453 

increased from 13.63° (SE = 0.55°) to 16.89° (SE = 0.89°), BF10 = 28.73. The evidence is rather 454 

ambiguous on whether parameter s and PU changed: s in Pre was 15.32° (SE = 0.51°) and in Post 455 

it was 16.32° (SE = 0.65°), BF10 = 0.47; PU in Pre was 0.033 (SE = 0.010) and in Post it was 456 

0.052 (SE = 0.007), BF10 = 0.85. Comparing these effects with those in Experiment 1B with a 457 

mixed Bayesian ANOVA, we again found evidence generally in favor of the Pre-Post cost being 458 

similar across experiments based on the BFincl of the interaction term (mean absolute error: BFincl 459 

= 0.18, s: BFincl = 0.38, PU: BFincl = 0.19). 460 

 To compare Experiment 2A and 2B, a mixed Bayesian ANOVA with critical feature 461 

(between-subject: location or orientation) and trial type (within-subject: Pre or Post) was 462 

performed for each measurement (mean absolute error, s and PU). Using s and PU, the BFincl of 463 

the interaction term suggests that the memory cost to color was comparable in Experiment 2A 464 
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and 2B (s: BFincl = 0.23, PU: BFincl = 0.22). The evidence was less clear when mean absolute 465 

error was used, BFincl = 1.31. 466 

Discussion 467 

With the retro-cue, the critical feature was cued for report immediately after the stimulus 468 

disappeared. Therefore, we were able to obtain memory reports of the critical feature on the 469 

surprise trial that reflect how the feature was initially encoded with minimal influence from post-470 

encoding processes such as inhibition and maintenance that can selectively damage the memory 471 

of features that are thought to be less relevant. That Experiment 2A and 2B still found significant 472 

task relevance effects suggest that the effect of task relevance was at least partly contributed by 473 

differences in encoding: Evidence suggests that the relevance effect was comparable between the 474 

two orientation experiments (1B and 2B), indicating that orientation encoding was the primary 475 

factor in causing the task relevance effect in Experiment 1B as well. Still, the between-476 

experiment comparison for the location experiments (1A and 2A) did not find conclusive 477 

evidence in either direction. Further studies would be required to investigate whether post-478 

encoding processes indeed also influence location memory when it is task relevant versus 479 

irrelevant. 480 

The retro-cue also allows us to specifically measure the cost of additionally encoding the 481 

critical feature, as the maintenance load was the same between the Pre and Post color trials. 482 

Experiment 2A suggests that encoding location was not costly, while Experiment 2B suggests 483 

that encoding orientation was costly. However, evidence also suggests that the cost observed in 484 

each of these experiments was not different from that observed from the corresponding 485 

Experiment 1. In other words, the evidence is generally in favor of orientation encoding 486 
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requiring additional resources, but further studies would be required to investigate whether 487 

location encoding is cost-free or not. 488 

 A remaining possibility is that participants encoded a highly accurate representation of 489 

the critical feature throughout the experiment, but on the surprise trial, its memory was disrupted 490 

by the inherent surprising elements of the surprise trial, namely, the first presentation of a new 491 

word cue and a new response screen (although the response screen was previously used in the 492 

training task). This could explain the task relevance effects in the previous experiments if it was 493 

assumed that these surprising elements led to a significant disruption to the memory 494 

representations in the surprise trial. 495 

Experiment 3 was carried out to control for the potential memory loss induced by this 496 

surprising event. In Experiment 3, location was always the task relevant feature, but the response 497 

method was indicated by a retro-cue. Participants were cued to use one response method for the 498 

first 25 trials and then were surprised with a new word cue and a new response method on the 499 

26th trial. If the surprising appearance of the cue and the response method per se can account for 500 

the task relevance effect, the SUR-FPS comparison should yield a comparable memory cost to 501 

Experiment 2A. On the other hand, if the surprise trial in Experiment 3 shows little-to-no 502 

memory reduction, it would support our postulation that the task relevance costs in the previous 503 

experiments reflect a lack of full automaticity in the feature encoding process. 504 

Experiment 3 505 

Methods 506 

 Unless otherwise specified, Experiment 3 used the same methods as Experiment 2A. The 507 

sample size for Experiment 3 was 82 (M = 18.76 years, SD = 0.94 years). The sample size was 508 
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again set to approximate the one used in the previous experiments. 121 participants were 509 

recruited, with 3 excluded for the response training task, 11 excluded for the main task, and 25 510 

excluded for the retro-cue. 511 

 In this experiment, location was always the probed feature, but participants were 512 

sometimes required to report it with the “wait” method, sometimes with the “drag” method (the 513 

drag method is identical to the one used in Experiment 1A and 1B for location report). The 514 

response screen of the wait method has the same basic components as that of the drag method, 515 

i.e., the black X and the outline circle. Instead of having its position being controlled by the 516 

cursor position (“dragged”), the black X will move spontaneously along the outline circle, 517 

starting from a random location at a speed of 0.3° per frame anticlockwise. The X would stop at 518 

its current position when a mouse click was detected. As in the drag method, they were given 519 

unlimited time and chances to respond. 520 

Participants first completed two blocks of 10 perceptual matching trials, using one of the 521 

two response methods in each block (block order was randomized). Then, in the main task 522 

(Figure 1C), participants responded with the wait method for the first 25 before responding with 523 

the drag method in the 26th trial. This was followed by 24 control trials where the wait and drag 524 

method was cued and used with equal chance. The retro-cue would indicate the response method 525 

on that trial. The end-of-experiment survey queried whether participants noticed that the retro-526 

cue switched from “WAIT” to “DRAG”, and participants who reported not noticing this switch 527 

were excluded from further analyses.  528 

SUR-FPS comparison was done on the surprise and the first post-surprise drag trial to 529 

assess the amount of memory loss due to an unexpected change in the retro word cue and the 530 
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response method. The Pre-Post comparison was omitted. Additional analyses were carried out to 531 

compare the effects from this Experiment to that from Experiment 2A. 532 

Results 533 

 Experiment 3 shows only limited evidence that location reports with the drag method 534 

improved from SUR to FPS (Figure 2E). The mean absolute error numerically decreased from 535 

8.01° in SUR (SE = 1.7°) to 5.47° in FPS (SE = 0.52°), but it is ambiguous whether there was an 536 

evident decrease in the error or not (BF10 = 0.65). The model estimate s suggests that the 537 

precision essentially stayed the same, with s being 6.87° in SUR (95% CI [5.60, 9.11]) and 7.19° 538 

in FPS (95% CI [6.13, 8.31]). PU decreased from 0.047 in SUR (95% CI [0.013, 0.133]) to 539 

3.62E-14 in FPS (95% CI [2.98E-14, 0.0604]), although the SUR estimate is still within the CI 540 

for the FPS estimate and the CI is reasonably narrow. The Kolmogorov-Smirnov test also shows 541 

that SUR was distinct from a uniform distribution, D = 0.43, p < .001. Analyses further found 542 

evidence against a change in categorical bias between trials, distance from the nearest canonical 543 

value in SUR: 32.25° (SE = 2.34°), in FPS: 30.87° (SE = 1.43°), BF10 = 0.141. 544 

 The extent of the surprise memory loss was compared with that in Experiment 2A with a 545 

mixed Bayesian ANOVA. Importantly, the interaction term between experiment (between-546 

subject: 2A or 3) and trial type (within-subject: SUR or FPS) was strongly suggested to be 547 

included in the model (BFincl = 1.22E+07), see also Figure 3 (dashed line). The surprise memory 548 

loss in Experiment 3, if any, was significantly smaller than that in Experiment 2A. 549 

Discussion 550 

 In Experiment 3 where subjects expected to remember location in the pre-surprise trials, 551 

there was barely any difference in the SUR-FPS comparison even though they were given an 552 
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abrupt change in the word cue and response method on the surprise trial. The data therefore 553 

suggests that the task relevance effects observed in Experiments 1 and 2 should not be primarily 554 

attributed to the disruptions from surprising elements inherent to the surprise trial. A more likely 555 

explanation for the task relevance effect is that the encoding process was not as effective when 556 

the feature was considered task irrelevant. In other words, this suggests that the encoding of 557 

location and orientation were both not fully automatic. 558 

General Discussion 559 

 We assessed the automaticity of location and orientation memory in VWM across five 560 

experiments. Experiment 1A and 1B show that location and orientation both exhibited reduced 561 

accuracy when probed on a surprise trial, and the additional requirement to remember each of 562 

these features recruited a significant amount of cognitive resource as measured in the comparison 563 

between color reports in pre-surprise and post-surprise trials. Consistent with previous literature, 564 

location demonstrated a higher degree of automaticity than orientation by showing a smaller 565 

surprise memory cost and recruiting a smaller amount of resource. However, location encoding 566 

was evidently not completely automatic. To study whether the incomplete automaticity in these 567 

features can be attributed to incomplete automaticity in their encoding (instead of post-encoding 568 

processes such as active inhibition and selective maintenance), Experiment 2A and 2B 569 

introduced always-valid feature retro-cues the made the critical feature immediately task relevant 570 

after the offset of the memory displays. Again, both location and orientation suffered a surprise 571 

memory cost, but that of location was numerically although not evidently smaller. On the other 572 

hand, while orientation was again found to be cognitively costly, the resource recruitment effect 573 

was not found for location. Experiment 3 tested the alternative explanation that the poor surprise 574 

trial memory was due to disruptions from the surprising elements in that trial. In contrast to 575 
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Experiments 1 and 2, now there is no evidence that memory was worse on the surprise trial than 576 

the first post-surprise trial, suggesting that the task irrelevance effects observed were unlikely to 577 

be due to surprise-related disruptions. 578 

 In summary, although location encoding demonstrated greater automaticity to orientation 579 

encoding, neither of these encoding processes was fully automatic. We note here that the 580 

incomplete automaticity can be attributed to incomplete automaticity in the perceptual encoding 581 

process, which is thought to be a fast process that builds a rather short-lived perceptual 582 

representation (Potter, 1976, 1993), or the working memory encoding process, which is thought 583 

to be relatively slower but can result in a durable, readily accessible representation (Ricker & 584 

Hardman, 2017) or both. Further studies would be required to differentiate these possibilities. 585 

Automaticity in Location Encoding  586 

 Evidence from Experiment 1A, 2A, and 3 together support the notion that location is not 587 

fully automatically encoded into VWM.  It was also consistently shown that some, but not all 588 

location information was incidentally encoded, as location report on the surprise trial was still 589 

distinctly clustered around the true value despite being worse than that on the first post-surprise 590 

trial. This pattern suggests partial automaticity in location encoding, which is in line with a 591 

graded view of automaticity (Hasher & Zacks, 1979; Logan, 1985). Still, it seems inconsistent 592 

with previous studies that explicitly probed location memory when it was task irrelevant and 593 

observed no cost (Chen & Wyble, 2015a, 2016, 2018; Mandler et al., 1977; McCormack, 1982; 594 

Pezdek & Evans, 1979; Schulman, 1973; Smith & Milner, 1989; Zechmeister et al., 1975). On 595 

this issue, we note that the current findings were based on a surprise trial that occurred after 25 596 

color trials. While automaticity can be developed through practice (automatization, e.g., Shiffrin 597 

& Schneider, 1977), some form of de-automatization may also occur over practice, such that a 598 
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test of a task irrelevant feature yields worse memory when it is presented later in the experiment 599 

(Chen & Wyble, 2018; Wyble et al., 2019). Therefore, the currently observed partial 600 

automaticity in location encoding may be pre-conditioned on some degree of de-automatization, 601 

which potentially explains the inconsistency with studies that probed task irrelevant location 602 

memory on the first trial (Mandler et al., 1977; McCormack, 1982; Pezdek & Evans, 1979; 603 

Schulman, 1973; Smith & Milner, 1989; Zechmeister et al., 1975). 604 

In addition, in attempt to reconcile the current findings with the previous studies that used 605 

a surprise trial paradigm to probe location, we conducted a meta-analysis on the relevant 606 

experiments in these previous studies (Chen & Wyble, 2016, 2018; see supplemental materials 607 

for details). When each experiment was examined individually, the SUR performance was 608 

numerically but not significantly worse than that of FPS. However, when data from these studies 609 

were considered altogether, a paired Bayesian t-test between SUR and FPS accuracy in fact 610 

revealed substantial evidence against the null (BF10 = 5.08). Summing the number of participants 611 

who produced a correct location response in each condition across experiments, we found the 612 

surprise trial performance to be significantly worse than that of the next control trial, χ2(1, N = 613 

110) = 5.88, p = .0153, but critically, also significantly higher than the 25% chance level, χ2(1, N 614 

= 110) = 165.93, p < .001. This meta-analysis shows that in previous surprise trial studies, 615 

incidentally encoded location was neither comparable to intentionally encoded location nor to the 616 

chance level, compatible with the findings from Experiment 1A and 2A in this paper. 617 

A recent study by Woodman (2021) corroborates with our data in showing that location 618 

encoding is not fully automatic. His study shows that having to remember both location and 619 

color worsened change detection performance compared to when only either of the features had 620 

to be remembered. Furthermore, this memory cost was observed when the stimulus-onset 621 
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asynchrony between the memory items and the mask was as short as 35ms, strongly suggesting 622 

that the cost was from the added requirement to intentionally encode location. It is possible that 623 

we did not find a cost to color memory when location was additionally encoded (Experiment 2A) 624 

due to the small effect size (we elaborated on this point in the Results section of Experiment 2A 625 

and 2B).  626 

While the current study focused on showing the incompleteness of location automaticity, 627 

we still found higher automaticity for location than orientation in the surprise trial. This is 628 

generally consistent with the idea of a location “privilege” (e.g., Pertzov & Husain, 2014). 629 

However, the relatively precise location reports in the surprise trial may have been supported by 630 

spatial attention, as previous studies have found that the task irrelevant location of a memory 631 

target can be decoded from alpha oscillations, which have been associated with covert spatial 632 

attention (Bae & Luck, 2018; Foster et al., 2017). Thus, further investigations will be needed to 633 

see whether the location privilege in a surprise memory trial will remain if spatial attention is 634 

distracted from the memory target. 635 

Automaticity in Orientation Encoding 636 

 We failed to observe any trace of automaticity in orientation encoding. Particularly, the 637 

surprise orientation reports from Experiment 1B and 2B were indistinguishable from a uniform 638 

distribution. This finding was inconsistent with the orientation surprise trial data in Swan et al. 639 

(2016), which was clearly clustered around the true value (see Figure 5). We think that the 640 

critical distinction between our experiments and theirs is whether the orientation could easily be 641 

inferred by the location. Swan et al. (2016) used an arrow that always appeared at the center of 642 

the screen, such that the arrowhead had a distinct location that covaried with orientation. 643 

Relatedly, uninformative arrow cues have been shown to exogenously produce attentional shift 644 
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towards the pointed-at location (Stevens et al., 2008). Thus, participants in Swan et al. (2016) 645 

may have had an incidental memory of the location of the arrowhead and/ or the pointed-at 646 

location and used that information to respond to the surprise orientation question. Our finding 647 

that location enjoys some automaticity supports this possibility. In the current study, each 648 

stimulus appeared at a random location, and orientation information was communicated through 649 

local variation of the stimulus. The separation of orientation and location information is 650 

supported by findings that orientation can be decoded from neural sources distinct from those 651 

that allow decoding of spatial location (Bae & Luck, 2018). Thus, our design minimizes the 652 

possibility of inferring orientation from global location memory. When orientation and location 653 

were thus disentangled in these experiments, there was no evidence of incidentally encoded 654 

orientation information.  655 

 
Figure 5. Orientation surprise and first post-surprise performance in Swan et al. (2016). Consistent with the current 

findings, a dramatic improvement was observed from the surprise to the first post-surprise trial. However, a 

measurable amount of orientation information was reportable by participants in Swan et al. (2016) on the surprise 

trial, while surprise orientation report in the current study (Experiment 1B and 2B) was indistinguishable from a 

uniform distribution. Shaded areas are 95% credible intervals. The figures are adapted from Figure 6 in the original 

article.  
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While the current orientation surprise data is consistent with previous observations of 656 

near-chance performance when other task irrelevant nonspatial attributes were explicitly probed 657 

(Chen & Wyble, 2015a, 2015b, 2016, 2018), it appears at odds with previous studies showing 658 

that incidentally encoded nonspatial attributes still influenced the ongoing tasks (Bocincova et 659 

al., 2017; Ecker et al., 2013; Foerster & Schneider, 2018, 2020; Gao et al., 2016; Gao et al., 660 

2010; Hollingworth & Luck, 2009; Hollingworth et al., 2013a, 2013b; Hyun et al., 2009; Logie 661 

et al., 2011; Soto & Humphreys, 2009; Yin et al., 2012; Yin et al., 2011). Indeed, these studies 662 

present strong evidence that some nonspatial attributes are at least partially incidentally encoded 663 

into VWM, and we also do not wish to claim that the encoding of all nonspatial attributes are 664 

completely void of automaticity. Instead, it is possible that the encoding of orientation 665 

information communicated through local stimulus variation (as in the current study) is 666 

particularly effortful (Becker et al., 2013; Gao et al., 2010; Miller et al., 2014). In particular, 667 

using Landolt-Cs with varying colors and orientations in a change detection task, Gao et al. 668 

(2010) found that change detection accuracy was impeded by a task irrelevant color change but 669 

not by a task irrelevant orientation change. Furthermore, it was shown that immediate backward 670 

masking (like the design used in the current study) might be instrumental to prevent the encoding 671 

of an irrelevant feature (Gu et al., in press). Therefore, further studies are required to investigate 672 

whether local orientation information is incidentally encoded under other circumstances. 673 

Partial Automaticity 674 

We posited that an intermediate pattern in the SUR-FPS comparison where SUR is 675 

neither comparable to FPS nor to the chance level would be more consistent with a graded view 676 

of automaticity, but we should also consider the possibility that automaticity is probabilistically 677 

dichotomous. Namely, incidental encoding may result in intentional-comparable memory in a 678 
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certain proportion of trials and no memory in the rest. While our experiments were not designed 679 

to directly address this possibility, we did observe that from SUR to FPS, not only did the guess 680 

rate decreased, but the precision also improved. The improvement in precision is more in line 681 

with the idea that automaticity can indeed be graded and preliminarily suggests that the memory 682 

data we observed from the surprise trials reflect partial automaticity in encoding. However, more 683 

research would be required to understand the nature of incomplete automaticity under different 684 

circumstances.  685 

Several possible manifestations of partial automaticity might underlie our results. For 686 

example, Zbrodoff & Logan (1986) suggested that task relevance can have distinct effects on a 687 

process’ initiation, continuation, and termination. A possibility is that location encoding is 688 

automatically initiated but requires intention to be run to completion, which explains the current 689 

finding where some location information was incidentally encoded but making location task 690 

relevant further improved its precision. In addition, a process need not be completely dependent 691 

or independent from cognitive resources and that automaticity can vary with the relative level of 692 

independence between the two (Moors & De Houwer, 2006). The current data, however, does 693 

not make a strong case on whether location encoding indeed recruits a significant amount of 694 

resource. 695 

Another line of research arguing against binary automaticity modes has shown that 696 

primary features of automaticity do not always co-occur (Bargh, 1992; Kahneman & Chajczyk, 697 

1983). For example, naming the ink color of a word is slowed for an incongruent color word (the 698 

Stroop effect), suggesting that reading is a mandatory process (e.g., Keele, 1972). However, 699 

Kahneman & Chajczyk (1983) showed that the Stroop Effect can be moderated by re-allocation 700 

of attention, such that the cost of incongruency was reduced when a black, non-color word was 701 
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presented in proximity to the color word. In other words, reading occurs without intention but 702 

can be interfered with resource re-allocation, thus fitting one primary feature of automaticity but 703 

not another. This is also exemplified in our experiments. In Experiment 1A and 1B, both location 704 

and orientation were affected by task relevance, and both incurred a small cost on color, such 705 

that the two characteristics of automaticity are generally in agreement. While this pattern was 706 

retained for orientation encoding in Experiment 2B, Experiment 2A suggests that location 707 

encoding is influenced by task relevance but does not induce a clear cost on other ongoing 708 

cognitive processes.  709 

Encoding Automaticity Constrains Organization of VWM Representations 710 

 The automaticity of feature encoding has implications on how representations can 711 

possibly be organized. In visual working memory, incidental encoding of a feature seems to be a 712 

pre-requisite for a feature to be the “index” of the memory items, i.e., the feature based on which 713 

representations are organized, and from which other information about the item can be accessed. 714 

VWM has often been proposed to rely at least partly on a spatial reference frame (Bays et al., 715 

2009; Bays, 2014; Swan & Wyble, 2014; Oberauer & Lin, 2017), which implies that some 716 

degree of automaticity in location encoding is required. Our findings are generally consistent 717 

with this assumption but also show that location encoding is not a fully automatic process in that 718 

incidentally encoded location information is relatively imprecise. This implies that the location 719 

resolution of spatial reference frames in VWM models, if present, would be somewhat coarse by 720 

default. More specific indexing of representations may require aids from other information (e.g., 721 

temporal indexing, see Harrison & Bays, 2018; Heuer & Rolfs, 2021; Schneegans & Bays, 2019; 722 

Swan & Wyble, 2014). However, a caveat is that only one item was presented per trial in the 723 

current study, posing little to no demand on feature binding. It is possible that location encoding 724 
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is only necessary for binding, and participants in our experiment 1A and 2A were able to make 725 

use of “free-floating” color representations to support their memory reports before the location 726 

surprise trial (see Treisman & Gelade, 1980; Treisman et al., 1992). Although memory of 727 

features such as orientation enjoys high fidelity at set size one (Magnussen, 2000; Wilken & Ma, 728 

2004), a counterintuitive prediction from this account is that the relative fidelity of location 729 

memory on the surprise trial compared to the first post-surprise trial would actually improve as 730 

set size increases, and further studies would be required to investigate this possibility. 731 

 The finding in experiment 1B and 2B that orientation encoding had no trace of 732 

automaticity is consistent with the emerging literature suggesting that VWM is not constrained 733 

by a strict item-based limit and that representations are not necessarily object-based (Fougnie & 734 

Alvarez, 2011). In the context of feature-based theories, the absence of orientation information 735 

on the surprise trial is consistent with the findings that different nonspatial features can be 736 

remembered independently (Bays et al., 2011; Fougnie & Alvarez, 2011). Furthermore, the cost 737 

induced to color memory after orientation became task relevant corroborates previous studies 738 

showing that memory performance depends on item complexity (Alvarez & Cavanagh, 2004) 739 

and the number of task relevant features (Cowan et al., 2013; Fougnie et al., 2010; Hardman & 740 

Cowan, 2015; Oberauer & Eichenberger, 2013; Swan et al., 2016), but is inconsistent with 741 

studies showing that memory of different features draws on independent resources (Magnussen, 742 

2000; Wang et al., 2017). 743 

Summary 744 

Across five experiments, we showed that location encoding is more automatic than 745 

orientation encoding, but location encoding is still not fully automatic. Our findings constrain the 746 

resolution of location indexing in space-based representational theories of VWM and are against 747 
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object-based encoding theories. The demonstrated partial automaticity in location encoding is 748 

consistent with conceptualizations of automaticity as a continuum instead of binary modes. 749 

  750 
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