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Introduction 27 

Accurate timing is crucial in perceiving 
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that modality-specific perceptual learning of temporal interval discrimination can actually transfer 48 

completely across modalities with a double training procedure (Xiong, Guan, & Yu, 2022), providing 49 

further evidence for modality-unspecific temporal processing. 50 

We hypothesize that there exists a general, abstract, and conceptual representation of 51 

subsecond time in the brain. This hypothesis has been inspired by our general proposal that perceptual 52 

learning is the learning of sensory concepts, so that learning can transfer between stimuli with distinct 53 

physical appearances and precisions (thresholds), and between sensory modalities (Wang et al., 2016; 54 

Xie & Yu, 2019; Xiong, Tang, Zhang, & Yu, 2020; Hu, Wen, Chen, & Yu, 2021). A conceptual 55 

representation of subsecond time is consistent with modality-unspecific temporal processing (Stauffer 56 

et al., 2012; Filippopoulos et al., 2013; Barne et al., 2018; Bratzke & Ulrich, 2019; Xiong et al., 2022). 57 

However, it faces a serious challenge as previous studies have consistently reported no transfer of TID 58 

learning from trained to untrained temporal intervals. Wright, Buonomano, Mahncke, and Merzenich 59 

(1997) first reported interval specificity in TID perceptual learning, finding that learning a 100-ms 60 

interval between two sounds did not transfer to a 50-ms or 200-ms interval. This observation has been 61 

replicated in various studies on sensory and motor TID learning (Nagarajan, Blake, Wright, Byl, & 62 

Merzenich, 1998; Meegan, Aslin, & Jacobs, 2000; Karmarkar & Buonomano, 2003; Wright, Wilson, & 
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location or orientation (Xiao et al., 2008; Zhang et al., 2010). In the current context, it comprised two 72 

distinct components: The primary training focused on auditory TID training at a specific time interval, 73 

and the secondary training was a tone FD task at an untrained transfer interval. Through control 74 

experiments, we proved that this secondary task was functionally independent of the primary task and 75 

did not significantly affect TID performance on its own. Our hypothesis was that if TID learning improves 76 

an abstract and conceptual representation of subsecond timing, the secondary task 
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request, we will provide access to all data, analysis code, and research materials. Data analysis was 96 

conducted using the R software (R_Core_Team, 2015). The design and analysis of this study were not 97 

pre-registered. 98 

Sample Size  99 

The decision for our sample size was based on a previous TID learning study by Wright et al. 100 

(1997) that utilized similar stimuli (their Figure 4, 100 ms – 1 kHz condition). For power analysis, we used 101 

the G*Power software. In our study, the measures of learning and transfer first involved comparing pre- 102 

and post-training thresholds in all experiments. The sample size for each group was thus determined 103 

using the t tests family for the difference between two dependent measures (matched pairs). To achieve 104 

80% power at a significance level of p = .05, and an effect size of Cohen’s d = 1.34 in 
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first stimulus and the onset of the second stimulus. The TID thresholds were assessed using the method 120 

of constant stimuli. In each forced-choice trial, a visual fixation point appeared at the center of the 121 

computer screen for 300 ms. Then, two pairs of stimuli were presented in random order, with one pair 122 

containing a standard interval (SI) and the other pair containing a comparison interval (SI + ΔI). There 123 

was a 900-ms inter-interval time gap between the presentation of these two pairs (see Figure 1A for 124 

details). The standard interval varied at 100 ms, 200 ms, or 400 ms depending on the experimental 125 
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comparison interval being longer at each ΔI, k represented the slope, and ΔI0 represented the point of 144 

subjective equivalence. A root mean square error (RMSE) value was calculated for each fitted 145 

psychometric function as an indicator of goodness of fit. Across all sessions, the RMSEs ranged from 0.01 146 

to 0.11, indicating satisfactory data fitting. The TID threshold was defined as half the interquartile range 147 

of the function: Threshold = (ΔI0.75- ΔI0.25)/2. This threshold represented the ΔI at which participants 148 

perceived the comparison interval as shorter than the standard interval in 50% of the trials, and longer 149 

than the standard interval in the remaining 50% of trials. Individual pre-training and post-training 150 

psychometric functions were provided in Figures S1 -S6 in the Supplementary Materials. 151 

Frequency Discrimination Task 152 

In the FD task, the stimuli were identical to those used for the TID task

150 
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transfer effects at both 100-
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alternative hypothesis (H1) over the null 
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 223 

Note. (A) The procedure of a temporal interval discrimination (TID) trial. The standard interval pair 224 

included two 15-ms tone pips (1 kHz) separated by a standard interval (SI), whereas the comparison 225 

interval pair included the same two-tone pips separated by an SI + !I interval. In each trial, the standard 226 

and comparison pairs were presented in a random order with a 900-ms time gap. Participants had to 227 

determine which pair had a longer interval. For FD trials only conducted in Experiments 2 and 3, the 228 

procedure was nearly the same. However, both pairs had an interval identical to the transfer interval 229 

(e.g., 200 ms in Experiment 2 and 400 ms in Experiment 3), with one pair having tone pips at a standard 
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showed significant main effects of Interval (F(2, 18) = 32.63, p < .001) and Test (F(1, 36) = 29.65, p < 247 

.001), but no significant main effect of Group (F(5, 38) = 1.18, p = 0.34). Additionally, there were 248 

significant interactions between Interval and Test (F(2, 30) = 8.69, p = .001), as well as among Group, 249 

Interval, and Test (F(3, 30) = 3.94, p = .017). These interactions indicated that the 
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from the 200-ms TID task partially transferred to the 100-ms interval, which was approximately 40% of 270 

the direct training effect observed with the 100-ms TID task (red circles in Figure 2B). 271 

Figure 2 272 

Baselines: Interval Specificity in TID Learning with Conventional Single Training  273 

 274 

r
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Experiment 2: TID learning transfer from a 100-ms trained interval to a 200-ms interval with double 284 

training 285 

Consistent with our hypothesis, we found a significant transfer effect from 100-ms to 200-ms 286 

after double training. Double training resulted in a significant reduction in 100-ms TID thresholds by 0.27 287 

± 0.06 log units (t = -4.30, p 
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outcomes of double training and the control group imply that the combination of 100-ms TID training 308 

and 200-ms tone frequency training actuated complete transfer of TID learning from a 100-ms interval 309 

to a 200-ms interval, despite the absence of significant transfer in the single-training condition. 310 

 311 

Figure 3 312 

Transfer of TID Learning from 100 ms to 200 ms with Double Training  313 

 314 

Note.  (A) The averaged learning progress of double training for the 100-ms TID task (Sessions 1-7, the 315 

curve with red circles) and the 200-ms frequency discrimination (FD) task (Sessions 2-6, the curve with 316 

brown circles). The evaluation of the 200-
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200-ms TID) and the control condition (200-ms TID). To facilitate comparison, the earlier single-training 
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0.36 (yellow circles in Figure 4B, C). This implies that the improvement observed in the 400-ms TID 346 

improvement was indeed due to double training and was not the result of the 400-ms FD training alone. 347 

The pre-training 400-ms TID threshold (yellow circle of Session 1 in Figure 4B) for the control group 348 

appeared to be lower than that of the double training group (yellow circle of Session 1 in Figure 4B). This 349 

difference was mainly attributable to one participant who had an exceptionally low pre-training 350 

threshold at 4.1%. Upon excluding this participant’s data from the analysis, the statistical conclusions 351 

remained consistent. 352 

 353 

Figure 4 354 

Transfer of TID Learning from 200 ms to 400 ms with Double Training  355 

 356 

Note. (A) T
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(Sessions 8-10, curve with yellow circles). (B) The impact of 400-ms FD training (curve with brown 361 

circles) alone on 400-
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Specificities in perceptual learning have been used to infer the neural mechanisms underlying 385 

learning (Sagi, 2011; Watanabe & Sasaki, 2015). In time perception, the interval and modality 386 

specificities in TID learning were also interpreted as evidence against a centralized clock and for 387 

distributed mechanisms (Bueti & Buonomano, 2014). However, double training results suggest that such 388 

specificities likely arise from particular single-training procedures, rather than being inherent properties 389 

of temporal learning. One possible cause for learning specificity might be various degrees of overfitting 390 

during training (Mollon & Danilova, 1996; Sagi, 2011). According to this account, the participants during 391 

training may learn to attend to various peculiarities that are associated with the training condition but 392 

are not necessarily relevant to the trained task. Because of overfitting, learning cannot transfer to new 393 

conditions where the same peculiarities may not exist. Similarly, we propose that as 

2f
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100-ms to 200-ms. Furthermore, the improvement of this temporal perception is likely task-specific, as 433 

we did not observe an improvement of TID task after FD training (Figures 3B, 4B), which excludes the 434 

possibility that TID learning transfer is caused by training-improved general decision-making capability, 435 

as well as general auditory attention (both are auditory tasks). Instead, the cross-interval learning 436 

transfer suggests that training enhances some fundamental knowledge of temporal interval information. 
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discrimination task. 
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