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Orientation-Congruency on accuracy (BF10 = 4.50×1013), showing that search performance was 285 

more accurate when the orientation of the line-segment in a target was congruent with that in 286 

a distractor than when they were incongruent. No evidence for any interaction effect between 287 

the factors was found (all BF10 < 2.0). (A supplementary analysis that included Memory 288 

Precision as an additional factor revealed that memory precision did not affect accuracy or 289 

interact with any of the other factors. For more information, see the OSF project.) 290 

 291 

Figure 3. Mean accuracy rate as a function of Target-Color-Match, Distractor-Color-Match, 292 

and Orientation-Congruency. Error bars reflect condition-specific, within-subject 95% 293 

confidence intervals (Morey, 2008). 294 

In summary, search performance increased (i.e. became faster and more accurate) when 295 

the target matched one of the colors held in VWM, but decreased when the distractor matched 296 

the VWM item. Moreover, the RT distribution for both-match trials and no-match trials are 297 

similar, which suggests that both color items that were maintained in the VWM draw attention. 298 

These results are consistent with the assumptions of the MIT hypothesis, as we will discuss in 299 

the General Discussion. 300 
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Unlike we predicted, however, we did not find that the effect of Orientation-301 

Congruency was especially strong when both the target and the distractor matched, compared 302 

to other conditions. We suspected that the presence of the grey (unrelated) color might have 303 

affected the processing of the target and the distractor in visual search. Therefore, in the follow-304 

up experiment, we removed the grey color in the search display.  305 

Experiment 2 306 

In Experiment 2, we removed the grey color item (the unrelated item) from the search 307 

display. We reasoned that this would increase the strength of the Orientation-Congruency 308 

effect, because there were now only two line segments in the display, thus providing a stronger 309 

test of our prediction that the effect of Orientation-Congruency should be strongest when both 310 

the distractor and the target matched the VWM colors. Furthermore, we wanted to replicate the 311 

main results of Experiment 1. 312 

Preregistration 313 

The preregistration was the same as in Experiment 1 expect for the data exclusion 314 

criteria, which now stated that the data would be trimmed based on a 70% accuracy rate. A 315 

detailed pre-registration of the experiment is available at https://osf.io/xpzhy/. 316 

Method 317 

 Participants 318 

Thirty-six first-year psychology students (aged from 18 to 25 years old; 20 female, 16 319 

male) from the University of Groningen participated in exchange for course credits. All 320 

participants had normal or corrected-to-normal acuity and color vision.  321 
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Stimuli, design and procedure 322 

The method was the same as in Experiment 1 except for the following. The search 323 

display consists of one diamond-shaped, colored target, and one square-shaped, colored 324 

distractor, placed on an imaginary circle around the fixation with equal space between them 325 

(see Figure 4).  326 

Data processing 327 

The same trimming criteria and analyses were used as in Experiment 1. Thirty 328 

participants and 7548 trials (of 9216) remained for further analysis.329 

330 

Figure 4. Sequence of events in a Distractor-Color-Match trial of Experiment 2.  331 
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Results and Discussion 332 

Search RTs 333 

Analyses revealed very strong evidence for effects of Target-Color-Match (BF10= 334 

2.15×106) and Distractor-Color-Match (BF10 = 1.61×106), such that RTs were faster when the 335 

target matched the memory color, and slower when the distractor matched the memory color 336 

(Figure 5). Moreover, we found a very strong effect of Orientation-Congruency on RTs (BF10 337 

= 72.25), suggesting that participants were faster on congruent trials than on incongruent trials.  338 

In addition, we observed moderate evidence for a Target-Color-Match × Orientation-339 

Congruency interaction (BF10 = 3.69). To further qualify this effect, we performed a Bayesian 340 

ANOVA, with Orientation-Congruency and Distractor-Match as cofactors. When the target 341 

color did not match (Figure 5b), there was very strong evidence for a congruency effect (BF10 342 

= 799.87); in contrast, when target matched the memory color (Figure 5a), there was moderate 343 

evidence against a congruency effect (BF10 = 0.245). No evidence for other interaction effects 344 

was found (all BF10 < .3). (A supplementary analysis revealed an effect of Memory Precision 345 

on RTs. This indicates that when the participants’ memory precision of the VWM items was 346 

higher, their search RTs were lower. There was no interaction of Memory Precision with any 347 

of the other factors. For more information, see the OSF project.) 348 
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349 

Figure 5. Mean response time as a function of Target-Color-Match, Distractor-Color-Match,  350 

and Orientation-Congruency. Error bars reflect condition-specific, within-subject 95% 351 

confidence intervals (Morey, 2008). 352 

RT distributions 353 

Similar to Experiment 1, the RT distribution of the Both-Target-Match trials was 354 

equally wide as that of the Non-Match trials (BF01 = 5.14, error % = .01), as predicted by the 355 

MIT hypothesis.  356 

Accuracy 357 

Analyses revealed very strong evidence for effects of Target-Color-Match (BF10= 358 

39.97) and Distractor-Color-Match (BF10 = 53.29), such that the accuracy was higher when the 359 

target matched the memory color, and lower when the distractor matched the memory color 360 

(Figure 6). Moreover, we found very strong evidence for the effect of Orientation-Congruency 361 
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(BF10 = 1.19×106), suggesting that search was more accurate when the line-segment orientation 362 

in a target was congruent with that in a distractor.  363 

In addition, we observed a Target-Color-Match × Orientation-Congruency interaction 364 

(BF10 = 261.62). This indicates that the congruency effect was stronger when the target did not 365 

match the memory color. Furthermore, there was moderate evidence for Distractor-Color-366 

Match × Orientation-Congruency interaction (BF10 = 8.15), suggesting that the congruency 367 

effect was stronger when the distractor matched the memory color. No reliable evidence for a 368 

three-way interaction (Target-Color-Match × Distractor-Color-Match × Orientation-369 

Congruency) was found (BF10 = 2.74). (A supplementary analysis revealed an effect of 370 

Memory Precision on accuracy. This suggests that when the participants’ memory precision 371 

was high, their visual search more accurate. There was no interaction of Memory Precision 372 

with any of the other factors. For more information, see the OSF project.) 373 

 374 

Figure 6. Mean accuracy as a function of Target-Color-Match, Distractor-Color-Match, and 375 

Orientation-Congruency. Error bars reflect condition-specific, within-subject 95% confidence 376 

intervals (Morey, 2008). 377 
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 In this experiment, we observed faster overall RTs and stronger congruency effects than 378 

in Experiment 1. This suggests that the irrelevant (grey) distractor in Experiment 1 did attract 379 

attention, thereby reducing overall performance. Nevertheless, we successfully replicated the 380 

attentional guidance by the target and the distractor when they match the VWM colors. 381 

Moreover, we found that when the target matched the VWM item, the congruency effect 382 

largely disappeared; however, when the target did not match the VWM item but the distractor 383 

did match, the congruency effect was particularly strong. Although we did not predict this 384 

pattern of results, this robust guidance by the memory-matching item is in line with the MIT 385 

hypothesis, as we will discuss in the General Discussion.  386 

Drift-diffusion modeling 387 

As described above, the distribution of correct RTs is very similar for the Non-Color-388 

Match and Both-Color-Match trials; this favors the Multiple-Item-Template (MIT) hypothesis 389 

over the Single-Item-Template (SIT) hypothesis. However, we wanted to compare the 390 

predictions that both hypotheses make about RT distributions more rigorously. 391 

To do so, we used a two-sided drift-diffusion model to simulate responses, and to 392 

generate error rates and distributions of correct RTs. The model simulates an Activation Level 393 

that changes over time, using four parameters: A Threshold, a Drift Rate, a Noise Level, and a 394 

Timeout. At time 0, the Activation Level is 0. At time 1, the Activation Level is incremented 395 

by the Drift Rate, as well as by a value that is randomly sampled from a normal distribution 396 

with a standard deviation that is equal to the Noise Level. Because we constrain the Drift Rate 397 

in our model to be a positive value, the Activation Level tends to increase over time, although 398 

with an element of randomness. The point in time at which the Activation Level reaches the 399 

threshold is taken as the simulated RT for a correct response; if the Activation Level reaches a 400 

value of minus the threshold, this is taken as an incorrect response. If the Activation Level has 401 
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not reached a Threshold after a Timeout number of samples, the simulation is started again, 402 

until a valid RT is simulated. If no valid RT could be simulated after 1000 attempts, this was 403 

considered a failure to fit. A higher Drift Rate results, on average, in lower simulated RTs. A 404 

higher Noise Level results in more variable simulated RTs and increased error rates. 405 

The Threshold was set to a constant value of 1. The Timeout was set to a constant value 406 

of 2000, corresponding to the 2000ms timeout in our experiments. The Drift Rate and Noise 407 

Level were determined for each participant separately, by taking all the RTs for a given 408 

participant, and rank-ordering them first based on whether they were correct or not, and then 409 

based on their value. Next, we simulated the same number of correct and incorrect RTs, using 410 

a candidate pair of values for the Drift Rate and Noise Level, and similarly rank-ordered these 411 

simulated RTs. We then took the residual sum of squares (RSS) of the real and simulated RTs. 412 

The Drift Rate and Noise Level were then chosen such that they minimized the RSS for a given 413 

participant. Phrased differently, we chose parameters such that they minimized the error 414 

between the real and simulated RT distributions for both correct and incorrect responses. 415 

Next, we constructed two models that embodied the predictions of the MIT and SIT 416 

hypotheses. To do so, we added one additional parameter, Drift Rate Change, which was added 417 

to the basic Drift Rate to simulate the reduced RTs (facilitation) when attention was guided by 418 

the Target, and subtracted from the basic Drift Rate to simulate the increased RTs (interference) 419 

when attention was guided by the Colored Distractor. To keep the number of model parameters 420 

to a minimum, we used a single parameter for the Drift Rate Change for both facilitation and 421 

interference, rather than two separate parameters. This choice reflects our assumption that 422 

facilitation and interference should approximately cancel each other out, although there is no 423 

theoretical reason to assume that they do so perfectly. 424 
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The MIT and SIT hypotheses make slightly different predictions about the Drift Rate 425 

in the different conditions (Table 1). In a nutshell, the MIT hypothesis predicts that a Target-426 

Color-Match should result in facilitation on every trial, and that a Distractor-Color-Match 427 

should result in interference on every trial, and that the two should approximately cancel each 428 

other out on both-match trials. In contrast, the SIT hypothesis predicts that a Target-Color-429 

Match should result in facilitation on only 50% of trials, because only one of the two VWM 430 

items serves as an attentional template, and thus the probability of the Target matching the 431 

attentional template is only 50%. For the same reason, a Distractor-Color-Match should result 432 

in interference on only 50% of trials, and the Both-Color-Match condition should be a mixture 433 

of 50% facilitation and 50% interference. 434 

Table 1 

The Drift Rate in each condition as predicted by the MIT and SIT models. The percentages indicate 

the percentage of trials on which the Drift Rate has a particular value. 

Trial Type MIT model SIT model 

Non-Color-Match 100%: Drift Rate 100%: Drift Rate 

Target-Color-Match 100%: Drift Rate + Drift Rate 

Change 

50%: Drift Rate + Drift Rate Change 

50%: Drift Rate 

Distractor-Color-Match 100%: Drift Rate - Drift Rate 

Change 

50%: Drift Rate - Drift Rate Change 

50%: Drift Rate 

Both-Color-Match 100%: Drift Rate 50%: Drift Rate + Drift Rate Change 

50%: Drift Rate – Drift Rate Change 

 435 
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For each participant separately, and for the MIT and SIT models separately, we then 436 

determined the Drift Rate Change parameter, while keeping the other parameters as previously 437 

determined. This was done by taking all the RTs for a given participant, ordering them first by 438 

whether they were correct or not, then by trial type (Non-Color Match, Target-Color-Match, 439 

Distractor-Color-Match, Both-Color-Match), and then rank-ordering them from fast to slow. 440 

We then simulated the same number of RTs, using a candidate value for the Drift Rate Change, 441 

and similarly ordered these simulated RTs. The Drift Rate Change was then chosen such that it 442 

minimized the RSS between the real and simulated RTs. For the SIT model (but not the MIT 443 

model), even the optimal parameters failed to generate a sufficient number of incorrect 444 

responses for twelve participants; these participants were excluded from the analysis below, 445 

although these failures-to-fit already illustrate that the SIT model is less able to characterize 446 

human data than the MIT model is. 447 

To test which model could best account for the data, we compared the RSS for the MIT 448 

model and the RSS for the SIT model with a default Bayesian, as well as a traditional, two-449 

sided paired-samples t-test. This revealed very strong evidence (BF10 = 524; error % = 450 

2.67×10-10; t(47) = 4.52, p < .001) in favor of the MIT hypothesis. To qualitatively compare 451 

the MIT and SIT model to the human data, we generated distributions of correct RTs, which 452 

were z-scored for each participant for visualization, as well as error rates. As shown in Figure 453 

7, the MIT model characterizes the human data better than the SIT model does, both in terms 454 

of correct RTs and error rates. 455 
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 456 

Figure 7. Top row: Distributions of correct response times for a) human data, b) the Multiple-

Item-Template (MIT) model, and c) the Single-Item-Template (SIT) model. Bottom row: 

Accuracy (proportion of correct responses) for d) human data, e) the MIT model, and f) the 

SIT model.  
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General Discussion 457 

 Here we report that multiple working-memory representations guide attention 458 

concurrently, thus providing crucial behavioral and computational evidence for a long-standing 459 

debate in the field of visual working memory (VWM). In our experiments, participants 460 

remembered two colors. Next, they performed a visual-search task in which the color of the 461 

target and that of a distractor could match, or not match, a color in VWM. We found that search 462 

was faster when there was a target-color match, showing that attention was guided towards 463 

memory-matching targets; similarly, we found that search was slower when there was a 464 

distractor-color match, showing that attention was (mis)guided towards memory-matching 465 

distractors. 466 

To further test the predictions of the Multiple-Item-Template (MIT) and Single-Item-467 

Template (SIT) hypotheses, the orientation of the line-segment inside the search target was 468 

manipulated to be either the same (i.e., congruent) or opposite (i.e., incongruent) to the line 469 

segment inside the distractor. Overall, this should result in an Orientation-Congruency effect, 470 

such that RTs are slower on incongruent compared to congruent trials if attention is divided 471 

between the target and the distractor. However, the MIT and SIT hypotheses make different 472 

predictions about when this congruency effect should be strongest. Specifically, the MIT 473 

hypothesis predicts that the congruency effect should be strongest on both-match trials (i.e. 474 

when both the target and the distractor matched the memorized colors). This prediction follows 475 

because only in that case attention would be drawn simultaneously towards the distractor and 476 

the target, thus creating the strongest interference (and thus the strongest congruency effect) in 477 

that condition. The SIT hypothesis makes no such prediction, because on both-match trials, 478 

attention would be guided either by the target or by the distractor dependent on which of the 479 
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colors was used as a template color, but not by both, and thus there is no reason to predict 480 

increased interference.  481 

Although, we did not find an increased congruency effect on both-match trials, we did 482 

find that the congruency effect was largely absent whenever there was a target match in 483 

Experiment 2. This implies a two-stage model of visual search (Kastner & Nobre, 2014). First, 484 

attention is guided in parallel to (the color of) all memory-matching stimuli, resulting in 485 

facilitation by matching targets, and interference by matching distractors; that is, activation in 486 

the priority map is affected by the content of VWM. Next, the orientations of the line-segments 487 

inside the stimuli are processed serially; that is, highly activated items in the priority map are 488 

further processed one after another. On target-match trials, the line-segment inside the target is 489 

generally processed first, because participants have a search template for the target’s shape (a 490 

diamond), which gives the target additional activation in the priority map; next, once the target 491 

has been processed, a decision is made, and the line-segment inside the distractor is left largely 492 

unprocessed. This would explain the strongly reduced interference by incongruent distractors 493 

on target-match trials. In general, this finding suggests that, on most trials, attention was 494 

captured by the memory-matching target (and not only on 50% of trials). Although we did not 495 

predict this, it is consistent with the MIT hypothesis that two templates can be simultaneously 496 

activated to guide attention. Compared to Experiment 1, in Experiment 2 we removed the 497 

unrelated distractor (i.e. the grey colored item) to reduce attentional capture by non-relevant 498 

distractor items, thereby inducing a stronger congruency effect, thus changing the task from a 499 

regular visual-search task to a discrimination task between a target and a single (colored) 500 

distractor. Crucially, the results remained qualitatively the same, suggesting that our results do 501 

not depend on the specifics of the task. Nevertheless, future studies could explore how 502 

including more search elements (e.g., more colored distractors that never match) affects the 503 

pattern of results.  504 
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In our paradigm, whenever there was a match between a memorized color and the color 505 

of an item in the search task, this match was always perfect. This raises the possibility that 506 

participants strategically attended to matching targets and distractors, to refresh their memory. 507 

However, previous studies have shown that memory-driven guidance of attention also occurs 508 

when there is only a categorical match (e.g. when participants memorize a shade of green, and 509 

the search distractor is a slightly different shade of green; Hollingworth & Beck, 2016; 510 

replicated in Frătescu et al., 2019). Therefore, our results are unlikely to depend on the use of 511 

perfect color matches. Nevertheless, the flexibility of memory-driven guidance is an important 512 

direction for future research: what exactly does it mean for visual input to ‘match’ the content 513 

of VWM? 514 

Additionally, we analyzed the RT distribution for both-match and no-match trials (i.e. 515 

when neither the target nor the distractor matched the memorized colors). The MIT hypothesis 516 

predicts that the distribution for both-match and no-match trials should be the same (or at least 517 

similar). This follows from the MIT hypothesis, because on both-match trials, the facilitation 518 

due to attention being guided towards the target and the interference due to attention being 519 

guided towards the distractor should approximately cancel each other out. In contrast, the SIT 520 

hypothesis predicts a wider distribution for both-match trials than for no-match trials. This 521 

follows from the SIT hypothesis, because attention is guided either by the target or by the 522 

distractor in both-match trials (but never by both), thus resulting in a bimodal distribution that 523 

is wider than the distribution for no-match trials. Consistent with the MIT hypothesis, we found 524 

that the RT distribution for both-match trials resembled that for no-match trials. This implies 525 

that not only can multiple VWM items serve as attentional templates, but that it is also possible 526 

for focal attention to be allocated to multiple items at the same time rapidly (Eimer & Grubert, 527 

2014). To confirm this conclusion, we simulated the individual trials of RTs based on the 528 
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predictions of the MIT and the SIT hypothesis by means of a drift-diffusion model. Crucially, 529 

the observed data showed a better match to the simulated RTs based on the MIT hypothesis.  530 

Taken together, our results provide evidence against the SIT hypothesis, which posits 531 

that there can only be one template active in working memory at one time to bias visual 532 

selection (Olivers et al., 2011; van Moorselaar et al., 2014). And we show behavioral and 533 

computational evidence for simultaneous guidance of multiple VWM items, providing support 534 

for the MIT hypothesis.  535 

.CC-BY 4.0 International licenseunder a
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which was notthis version posted April 8, 2020. ; https://doi.org/10.1101/629378doi: bioRxiv preprint 

https://doi.org/10.1101/629378
http://creativecommons.org/licenses/by/4.0/


 
 
 
 

MULTIPLE ATTENTIONAL TEMPLATES GUIDE ATTENTION 31 
 

 
 

Open Practices Statement 536 

All experimental data and materials can be found on the OSF (Open Science 537 

Framework): https://osf.io/knmu2/. The pre-registrations of the experiments are available at 538 

https://osf.io/knmu2/registrations. 539 
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