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Abstract
Traditionally, research on time perception has diverged into a representational approach that focuses on the interaction between time and non-temporal magnitude information like spatial distance, and a mechanistic approach that emphasizes the workings and timecourse of components within an internal clock. We combined these approaches in order to identify the locus of space-time interaction effects in the mechanistic framework of the internal clock model. In three experiments, we contrasted the effects of spatial distance (a long- vs. short-distance line) on time perception with those of visual flicker (a flickering vs. static stimulus) in a duration reproduction paradigm. We found that both a flickering stimulus and a long-distance line lengthened reproduced time when presented during time encoding. However, when presented during time reproduction, a flickering stimulus shortened reproduced time but a long-distance line had no effect. The results thus show that, while visual flickers affects duration accumulation itself, spatial distance instead biases the memory of the accumulated duration. These findings are consistent with a clock-magnitude account of space-time interaction whereby both temporal duration and spatial distance are represented as mental magnitudes that can interfere with each other while being kept in memory, and places the locus of interaction between temporal and non-temporal magnitude dimensions at the memory maintenance stage of the internal clock model.
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1. Introduction
Time is a paradox to the human mind. It is a ubiquitous psychological experience but imperceptible to our senses. That is, there does not seem to be a physical medium for time (like light for vision) or a bodily faculty that tunes into time (like the eye for vision). For instance, we can perceive the empty interval between two clicks and have some memory of its duration, even though none of our bodily senses appear to register the emptiness. Thus, research on time perception has focused on the cognitive processes and memory representations that underlie our capacity to perceive time, and has historically split into two largely parallel but related literatures with separate theoretical emphases and empirical effects: the representational approach and the mechanistic approach.
	Since time perception does not appear to rely on any particular bodily sense, the representational approach to time perception concerns the mental or conceptual representational format of temporal durations and investigates how our perception of an event’s duration is influenced by other dimensions of the same event (e.g., DeLong, 1981; Piaget, 1969; Xuan, Zhang, He, & Chen, 2007). One such dimension that has been heavily investigated in time representation research is spatial distance. It has been repeatedly demonstrated that perceived duration increases as a function of concurrent spatial distance (Cai, Connell, & Holler, 2013; Casasanto & Boroditsky, 2008; Merritt, Casasanto & Brannon, 2010). For instance, Casasanto and Boroditsky (2008) displayed a line of a particular length onscreen for a particular duration and then asked participants to reproduce the duration: they showed that participants’ reproduced durations increased as a function of concurrent line length. Similarly, Cai et al. (2013) showed that participants reproduced a longer duration for a sung note if the singer in the video made a concurrent long-distance horizontal gesture compared to a short-distance one. Indeed, the ability of space to distort time relies on having a reliable, high-acuity representation of spatial distance. Cai and Connell (2015) showed that when spatial distance is perceived via low-acuity haptics (rather than high-acuity vision), it has no effect on reproduced duration; instead, the relationship flipped so that time distorted space, and reproduced distance increased with duration. These space-time interaction effects suggest a close relationship between the representations of spatial distance and temporal duration. Further work also suggests that time perception is influenced by other dimensions such as digit magnitude (Cai & Wang, 2014; Chang, Tzeng, Hung, & Wu, 2011; Oliveri et al., 2008; Xuan et al., 2007), numerosity (Dormal, Seron, & Pesenti, 2006; Javadi & Aichelburg, 2012; Xuan et al., 2007), and spatial size (DeLong, 1981; Rammsayer & Verner, 2014; Xuan et al., 2007).  
To account for these non-temporal effects on time, some researchers have proposed that temporal durations are encoded and represented as some kind of nonverbal magnitudes, as are other quantifiable dimensions such as distance, size and numerosity (Bueti & Walsh, 2009; de Hevia, Izard, Coubart, Spelke, & Streri, 2014, Gallistel & Gelman, 2000; Walsh, 2003, 2014). These magnitudes from different dimensions share a common representational format (e.g., Lambrechts, Walsh, & van Wassenhove, 2013) and appear to be processed in the same neural circuits (e.g., Bonato, Zorzi, & Umiltà, 2012; see Bueti & Walsh, 2009, for a review). Due to the noise inherent in these representations (Gallistel & Gelman, 2000; Petzschner, Glasauer, & Stephan, 2015), it is possible for concurrently-perceived magnitudes to pull on each other such that a larger magnitude representation of a non-temporal dimension (e.g., a long line versus a short line, or a large number versus a small number) can increase the magnitude representation of a duration. In addition to accounting for the effects of nontemporal dimensions on time perception, the magnitude representation account also helps to explain recent findings that time can also exert influence on the perception of other physical dimensions such as spatial distance and numerosity (Cai & Connell, 2015; Javadi & Aichelburg, 2012; Merrit et al., 2010; Roitman, Brannon, Andrews, & Platt, 2007).
The notion of time being represented as mental magnitudes has its root in an earlier mechanistic approach to time perception, which stipulates that temporal durations are perceived and stored as accumulative quantities (e.g., Gibbon, Church, & Meck, 1984; Meck & Church, 1983; Treisman, 1963). The mechanistic approach has focused on how temporal durations are registered, memorized, and retrieved (see Grondin, 2010, for a review). Perhaps the most influential theory of the mechanistic approach to time perception is scalar expectancy theory (Gibbon, 1977). While the theory is incorporated in most current models of time perception (e.g., Gu, van Rijn, & Meck, 2015; Matell & Meck, 2000; Wackmann, 2011, it is probably best known as the internal clock model (Gibbon et al., 1984; Treisman, 1963; Wearden, 1991; see Allman, Teki, Griffiths, & Meck, 2014, for review). The internal clock model stipulates a timing mechanism with an internal clock system (a pacemaker and accumulator), a memory store, and a comparator[footnoteRef:1]. The pacemaker, a continuously-running timing device, emits signals or pulses at a certain rate. When timing begins, the pacemaker is connected, via a switch, to the accumulator which collects the pulses. The accumulated pulses register the perceived duration, which may be stored and maintained in memory for later reference. When a temporal judgment is to be made, the comparator then compares the perceived duration (i.e., pulses in the accumulator) with a reference duration (i.e., pulses kept in reference memory).  For example, a comparison task may require the participant to decide whether a new perceived duration is longer or shorter than a memorized reference duration, while a reproduction task may require the participant to terminate a new, ongoing duration when the accumulated pulses reach a record that is equivalent to the memorized reference duration (for formal formulations of these processes, see Gibbon, 1977; Gibbon et al., 1984).  [1:  While we focus on the internal clock model in the present paper, other neurobiological models have theorized that timing is driven by coincidence detection in oscillating neurons rather than by a pacemaker-accumulator mechanism (e.g., Matell & Meck, 2000, 2004; Miall, 1989). Our hypotheses and findings are consistent with both the pacemaker-accumulator and oscillating-neuron view, as they are functionally highly similar (van Rijn, Gu, & Meck, 2014). We thank Hedderik van Rijn for this suggestion.] 

	Because perceived durations are assumed to be the accumulated quantity of pulses that are collected from the pacemaker during the accumulation stage, and stored in working memory during the maintenance stage, the internal clock model predicts that the amount of time perceived can vary as a function of pulse accumulation and memory processes[footnoteRef:2]. Indeed, external manipulations such as rapid repetitive stimulation (e.g., auditory click train, visual flicker) have been found to increase perceived duration of a stimulus (Droit-Volet & Wearden, 2002; Herbst, Javadi, van der Meer, & Busch, 2013; Ortega & Lopez, 2008; Penton-Voak, Edwards, Percival, & Wearden, 1996; Wearden, Philpott, & Win, 1999). Ortega and Lopez (2008), for instance, asked people to decide whether a target duration resembled a short or a long reference duration they had previously learnt and showed that the target duration was more often perceived to be short when the reference duration had been accompanied by a flickering dot, but perceived to be long when the target duration itself was accompanied by a flickering dot. These timecourse-dependent reverse effects support the idea that visual flicker leads to more pulses being accumulated, and hence a larger amount of perceived time for whichever duration it accompanies. Such effects may arise as result of visual flicker accelerating the pacemaker speed (Droit-Volet & Wearden, 2002; Ortega & Lopez, 2008), increasing attentional allocation to duration monitoring and allowing more pulses to be registered (Herbst et al., 2013; Zakay & Block, 1995, 1997; see also Lejeune, 1998), or triggering earlier switch-on and/or delayed switch-off of the accumulator (Penney, Gibbon, & Meck, 2000; Wearden, O’Rourke, Matchwick, Min, & Maeers, 2010). While different, these mechanisms all localize visual flicker effects in the accumulation stage of the internal clock model (we will return to this point in the general discussion).  [2:  Duration judgements can also be affected by biases at the decision stage of certain tasks (e.g., Riemer, Trojan, Kleinböhl, & Hölzl, 2012; Yates, Loetscher, & Nicholls, 2012); we return to this point in the general discussion.] 

Time perception can also be affected at the later stage of memory maintenance. Perceived durations may also change as a result of reference memory interference or mixing (Grondin, 2005; Gu & Meck, 2011; Jazayeri & Shadlen, 2010; Jones & Wearden, 2004; Penney, Allan, Meck, & Gibbon, 1998; Taatgen & Van Rijn, 2011). Jazayeri and Shadlen (2010), for example, showed that when multiple durations have to be remembered, reproduced durations show regression towards the mean, with long stimulus durations under-reproduced and short ones over-reproduced. Such inter-duration interference, in the internal clock model, can be attributed to the mixing or blending between different records of accumulated pulses (i.e., different durations) within reference memory (Gu & Meck, 2011; Penney et al., 1998; Taatgen & Van Rijn, 2011). Nonetheless, while these studies did examine memory representations of duration, their focus was on interaction within the dimension of time, rather than interactions between time and non-temporal dimensions (i.e., cross-dimensional interference). One exception is Moon, Fincham, Betts and Anderson (2015), who argued that distance and duration information may cue each other in memory and potentially lead to cross-dimensional interference. However, Moon et al.’s paradigm was unusual in that it required participants to learn and remember mappings between four different colours, response fingers, and reference distances/durations. It is therefore not clear to what extent their effects are purely distance-duration interference, or at what processing stage distance and duration interact with each other.
The above overview illustrates that, despite their shared topic, the representational and mechanistic approaches to time perception each have their own research agenda, theoretical underpinnings, and empirical effects, with little cross-reference to each other’s research. The recent comprehensive review of the mechanistic approach by Grondin (2010), for instance, has no reference to theoretical accounts or empirical reports of representational interference between time and non-temporal dimensions (e.g., Casansanto & Boroditsky, 2008; Walsh, 2003; Xuan et al., 2007). The oversight of the representational approach in the mechanistic literature may be attributed to the fact that proponents of the representational approach to time perception have rarely specified the mechanisms of a detailed process model whereby time and non-temporal dimensions interact. For instance, the magnitude representation account does not detail when and where in the timecourse of time perception that non-temporal dimensions exert their effects (Walsh, 2003); even very recent reviews of the account fails to touch upon the issue (Walsh, 2014; Winter, Marghetis & Matlock, 2015). 
In the present paper, we aim to combine the representational and mechanistic approaches in order to better understand the mechanism of interference between time and non-temporal dimensions. To this end, we focus on identifying a possible locus of space-time interactions within a well-studied mechanistic framework of time perception, the internal clock model. We conducted three experiments using a time reproduction paradigm in which participants perceived a stimulus duration and then reproduced it (e.g., Cai et al., 2013; Cai & Connell, 2015; Casasanto & Boroditsky, 2008; Wearden, 2003). In theoretical terms, participants need to first encode the stimulus duration and maintain it in memory; when they are to reproduce the duration, they first retrieve the stimulus duration, then initiate an unfolding reproduced duration which they terminate when it reaches subjective equality with the retrieved stimulus duration (for theoretical treatment of duration reproduction, see Riemer et al., 2012; Wackermann & Ehm, 2006; Wearden, 2003). 
We compared the effect of visual flicker and spatial distance on duration reproduction when they were concurrently presented during time encoding (i.e., participants saw spatial distance or visual flicker during perception of a stimulus duration and then reproduced the duration) or time reproduction (i.e., participants perceived a stimulus duration and then saw spatial distance or visual flicker while they were reproducing the duration). As we reviewed above, temporal representations can be biased during the accumulation or memory maintenance stage in the internal clock; thus, either of these stages can be the potential locus of space-time interaction effects. 
If space-time interaction occurs during the accumulation stage, spatial distance may operate like visual flicker in biasing time accumulation (i.e., the clock-accumulator account). A visually flickering stimulus (compared to a static, non-flickering stimulus) is believed to increase the number of pulses that are stored in the accumulator (e.g., by altering the speed of the pacemaker, or the timing of the switch operation), resulting in a longer perceived duration (Ortega & Lopez, 2008; Penton-Voak et al., 1996; Wearden et al., 1999). If longer spatial distance likewise biases time accumulation, then we should expect a long-distance line (compared to a short-distance line) to lead to more accumulated pulses and therefore a longer perceived duration. Critically, such a clock-accumulator account means that any effects should reverse when the stimulus is presented during time reproduction instead of time encoding (Droit-Volet & Wearden, 2002; Ortega & Lopez, 2008). Specifically, if more pulses are accumulated while a participant retrieves and reproduces a particular duration from reference memory, it will make time appear to pass more quickly during the reproduction task itself and lead participants to terminate the reproduced duration earlier. Hence, both a visually flickering stimulus and a longer spatial distance should lead to shorter reproduced durations than a static (non-flickering) stimulus or a shorter spatial distance, respectively. In summary, if the locus of space-time interaction lies in the accumulation stage of the internal clock model (as the clock-accumulator account assumes), then a concurrent longer-distance line, compared to a shorter-distance line, should lead to longer reproduced durations when presented during time encoding, but shorter reproduced durations when presented during time reproduction.
Alternatively, if space-time interaction occurs during the memory maintenance stage, spatial distance may bias the magnitude representation of a perceived duration while it is being maintained in memory (i.e., a clock-magnitude account). In this case, we would expect spatial distance to exert a different pattern of effects on time reproduction compared to visual flicker (which will lead to longer reproduced durations if presented at the encoding stage and to shorter reproduction durations if presented at the reproduction stage, as outlined above). When a spatial line is presented for a particular duration during time encoding, the spatial distance information in the line should interfere with the representation of that duration as it resides in reference memory because they share a common magnitude format (Gallistel & Gelman, 2000; Walsh, 2003, 2014), such that long-distance lines, compared to short-distance ones, will make the duration seem subjectively longer (Cai et al., 2013; Cai & Connell, 2015; Casasanto & Boroditsky, 2008). Critically, such a clock-magnitude account means that spatial distance presented during time reproduction will not affect reproduced duration as it does not have the opportunity to interfere with its magnitude representation in reference memory. Because the magnitude representation of the duration does not experience any spatial interference as it resides in reference memory, it can be accessed and reproduced regardless of what spatial information might be concurrently perceived during the reproduction task itself. In summary, if the locus of space-time interaction lies in the memory maintenance stage of the internal clock model (as the clock-magnitude account assumes), then a longer-distance line will lead to longer reproduced durations when presented during time encoding, but have no effect when presented during time reproduction.

2. Experiments 1a and 1b
2.1. Method
	2.1.1. Participants. Twenty-six volunteers from the University of Manchester community took part in the experiment (13 for Experiment 1a and 13 for Experiment 1b). All had normal or corrected-to-normal vision and were paid £4 for their participation.
	2.1.2. Design and materials. Experiment 1a and 1b followed the same basic design (though they differed slightly in the stimulus durations used; see below).  The experiments first manipulated the type of stimulus (visual flicker or spatial distance) that was concurrently presented with the stimulus duration (Experiment 1a) or the reproduced duration (Experiment 1b). In addition, within each stimulus type, we further contrasted two levels (the control vs. manipulated stimulus; see Fig. 1). The control stimulus for visual flicker was a static dot (i.e., onscreen constantly) that was black and 60 pixels (approx. 1.35 cm onscreen) in diameter; the corresponding manipulated stimulus was a flickering dot at a frequency of 7.5 Hz (i.e., alternating presentation of the black dot and a blank white screen for 66.7 ms each). The control stimulus for spatial distance stimulus was a line 6 pixels thick (approx. 0.14 cm onscreen) that extended horizontally for a short distance of 100 pixels (approx. 2.25 cm onscreen); the corresponding manipulated stimulus was a line of the same thickness that extended for a long distance of 400 pixels (approx. 9.00 cm onscreen). Thus, the experiments adopted the design of 2 (stimulus type: visual flicker vs. spatial distance) * 2 (manipulation: control vs. manipulated). Both factors were within participants.
In Experiment 1a, each critical stimulus (i.e., flickering/static dot or long/short line) was presented for a particular duration, and participants subsequently reproduced the duration while a neutral visual stimulus appeared onscreen (see Fig. 1 upper panel).  Eight stimulus durations were chosen in order to ensure that the flickering stimulus always began and ended with the black dot (i.e., the visible component of the cycle) on a 60 Hz LCD monitor (which was used to display the stimuli): 867 ms, 1133 ms, 1533 ms, 1800 ms, 2067 ms, 2333 ms, 2733 ms, and 3000 ms. All stimuli appeared for all durations in random order across a block, and each block was presented four times, resulting in 128 trials in total in each experiment. 
Experiment 1b was the same as Experiment 1a except that the stimulus duration was presented using a neutral visual stimulus, and participants subsequently reproduced the duration while the visual flicker or spatial distance stimulus appeared onscreen (see Fig. 1 lower panel). In addition, because this experiment used asterisks rather than a flickering dot to present the stimulus durations (see below), we used the following evenly-spaced durations: 900 ms, 1200 ms, 1500 ms, 1800 ms, 2100 ms, 2400 ms, 2700 ms, and 3000 ms.
	2.1.3. Procedure. In both experiments (and Experiment 2 below), participants were individually tested in a cubicle using a 60Hz LCD monitor. After giving their written consent, participants began with a practice session of 4 trials before starting the main experiment. Figure 1 illustrates the trial structure for the two experiments. In Experiment 1a, each trial began with a critical stimulus (long/short-distance line or flickering/static dot) being presented for a particular duration. After a blank screen of 400 ms, a fixation cross appeared. To reproduce the duration, participants held down the spacebar, at which point the fixation cross was replaced by three asterisks (***). Participants released the spacebar when they felt that the asterisks had stayed onscreen for as long as the stimulus duration. An inter-stimulus interval (ISI) of 1000 ms followed the key release. Experiment 1b was similar to Experiment 1a except that a trial began with three asterisks (***) being presented for a particular duration.  When participants held down the spacebar to reproduce the duration, these three asterisks were replaced by a critical stimulus (i.e., long/short-distance line or flickering/static dot), until participants released the spacebar. See the lower panel in Fig. 1 for the trial schematic. The experiment was run on SuperLab and lasted for approximately 15 minutes.
[image: ]
 Figure 1: Trial structure for Experiment 1a (upper panel) and Experiment 1b (lower panel), showing where each stimulus type and manipulation (short-distance line, long-distance line, static dot, flickering dot) was presented in each trial.

2.2. Results and discussion 
    For each experiment, we excluded outliers that were more than 2 standard deviations away from the mean per condition at each duration (e.g., long-distance manipulation of the spatial distance stimulus type at 1800 ms), resulting in the removal of 4.0% of the data (70 out of 1664 trials) from each experiment. For each participant, we computed the average reproduced duration per combination of stimulus type, manipulation and stimulus duration (e.g., 900 ms stimulus duration presented in the long spatial distance condition). The analyses were conducted using the aov package in R, with average reproduced durations as the dependent variable and stimulus type (visual flicker vs. spatial distance), manipulation (manipulated vs. control stimulus), stimulus duration, and their interactions, as independent predictors. Contrast-coding was applied to the categorical variables of stimulus type (flicker = -0.5, distance = 0.5) and manipulation (control = -0.5, manipulated = 0.5). The same statistical method was used also used in Experiment 2. As an illustration of effect sizes, we also reported generalized eta-square (ηG²) (Lakens, 2013).
Results for Experiment 1a are presented in Table 1. As predicted, manipulating stimuli during time encoding led to longer reproduced durations than control stimuli. In addition, the visual-flicker stimulus type (static or flickering dots) generally led to longer reproduced durations than did the spatial distance type (long- or short-distance lines). Stimulus type and manipulation interacted, with larger effects for visual flicker (i.e., flickering vs. static dot) than for spatial distance (i.e., long- vs. short-distance line) (see Figure 2). Finally, reproduced duration increased as a function of stimulus duration, as did the difference between stimulus types and (marginally) the overall manipulation effect. 
To establish the independence of each manipulation effect, we conducted planned comparisons, using manipulation, stimulus duration, and their interaction, as independent variables, separately for visual flicker and spatial distance. The predicted effect emerged for visual flicker (see Fig. 2A), with the flickering stimulus during time encoding leading to longer reproductions than the static (control) stimulus (Mdiff = 522 ms, 95% CI = [368, 676], F(1,12) = 68.64, p < .001, ηG² = .489).  This effect appeared to increase as a function of stimulus duration, as suggested by the significant interaction (F(1,12) = 4.86, p = .048, ηG² = .008). Reproduced durations overall increased as a function of stimulus duration (F(1,12) = 150.20, p < .001, ηG² = .743). For spatial distance (see Fig. 2B), the long-distance line led to longer reproduced durations than the short-distance (control) line (Mdiff = 154 ms, 95% CI: [68, 240], F(1,12) = 21.75, p < .001, ηG² = .068), with the effect appearing to be constant across stimulus durations (F(1,12) = 1.70, p = .217, ηG² = .005). Reproduced durations again increased as a function of stimulus duration (F(1,12) = 139.10, p < .001, ηG² = .725).

[image: ]
Figure 2: Effects of visual flicker and spatial distance on reproduced duration, when presented during time encoding in Experiment 1a (A and B) and during time reproduction in Experiment 1b (C and D). Error bars show SEs.



Table 1: Statistical results for Experiments 1a and 1b.
	
	
	F
	p
	ηG²

	Experiment 1a

	
	Stimulus type
	31.57
	< .001
	.152

	
	Manipulation
	67.47
	< .001
	.287

	
	Stimulus duration
	157.50
	< .001
	.734

	
	Stimulus type * Manipulation
	46.21
	< .001
	.122

	
	Stimulus type * Stimulus duration
	5.07
	.044
	.008

	
	Manipulation * Stimulus duration
	4.64
	.052
	.006

	
	Stimulus type * Manipulation * Stimulus duration
	0.26
	.623
	< .001

	Experiment 1b

	
	Stimulus type
	5.94
	.031
	.027

	
	Manipulation
	4.67
	.052
	.025

	
	Stimulus duration
	668.20
	< .001
	.881

	
	Stimulus type * Manipulation
	5.08
	.044
	.033

	
	Stimulus type * Stimulus duration
	7.33
	.019
	.010

	
	Manipulation * Stimulus duration
	0.25
	.627
	< .001

	
	Stimulus type * Manipulation * Stimulus duration
	3.52
	.085
	.008


Note: df = (1, 12) for all effects.



The results of Experiment 1b (see Table 1) show that manipulated stimuli during time reproduction led to shorter reproduced durations than control stimuli, and visual flicker stimuli resulted in shorter reproduced durations than spatial distance stimuli. These observations were the reverse of those in Experiment 1a, where the critical stimuli were presented during encoding rather than reproduction. As before, the manipulation effect was larger for visual flicker stimuli than for spatial distance. Reproduced durations increased as a function of stimulus duration, as did the difference between stimulus types. 
We next conducted separate analyses to examine the manipulation effects for each stimulus type. For visual flicker at the time reproduction stage (see Fig. 2C), the flickering stimulus led to shorter reproduced durations than the static (control) stimulus (Mdiff = -117 ms, 95% CI = [-206, -27], F(1,12) = 8.74, p = .012, ηG² = .102). Inspection of Figure 2C seemed to suggest that the difference between the flickering and static dot increased as a function of stimulus duration, though the interaction between manipulation and stimulus duration was non-significant (F(1,12) = 2.74, p = .124, ηG² = .013). Reproduced duration increased as a function of stimulus duration (F(1,12) = 459.10, p < .001, ηG² = .867). For spatial distance at the reproduction stage (see Figure 2D), the long-distance and short-distance lines led to almost identical reproduced durations (Mdiff = 10 ms, 95% CI = [-80, 101], F(1,12) = 0.06, p = .817, ηG² < .001), and this pattern appeared to be true for all stimulus durations (F(1,12) = 0.89, p = .365, ηG² = .005). Reproduced duration again increased as a function of stimulus duration (F(1,12) = 788.60, p < .001, ηG² = .894).
The above findings show that visual flicker produced stage-dependent reverse effects on duration reproduction: participants reproduced longer durations if visual flicker was manipulated during time encoding but shorter durations if it was manipulated during time reproduction. Spatial distance, however, affected duration reproduction only when it was presented during time encoding but not during time reproduction. A caveat is in order, however. Since reduced attention may lead to fewer pulses being passed through to the accumulator (Zakay & Block, 1995, 1997), it could be argued that the nontemporal stimulus (visual flicker or spatial distance) might exert a smaller effect on time if it is presented during time reproduction than during time encoding. After all, while participants in our experiments would have to closely attend to the stimulus at time encoding (in order to perceive the duration), they may not necessarily attend quite as closely to the stimulus during time reproduction because they must also allocate attention to button-pressing actions and to accessing the stored duration in memory. Such a possibility is supported by our observation that visual flicker produced a smaller effect size during time reproduction than time encoding (ηG² = .489 vs. ηG² = .102). This inattention-related reduction in effect size might render the effect of spatial distance, which was smaller than that of visual flicker during time encoding, too small to reach significance during time reproduction. That is, since absence of evidence does not in itself establish evidence of absence, and we cannot conclude from a non-significant effect there is no effect of spatial distance at time reproduction.
We therefore turned to Bayes factor (BF) in order to distinguish whether there is evidence for or against a small effect of spatial distance at time reproduction. BFs are ratios of the likelihoods of competing hypotheses (e.g., the alternative hypothesis that spatial distance exerting a real effect at time reproduction and the null hypothesis that spatial distance exerting no effect at time reproduction) on the basis of the observed data (Jeffreys, 1961; Kass & Raftery, 1995; Wagenmakers, 2007), and can be expressed either as evidence in favour of the alternative hypothesis (BF10) or evidence in favour of the null hypothesis (BF01). Following Wagenmakers (2007) and Masson (2011), we calculated BFs using Bayesian Information Criterion (BIC) approximation; such a method has been argued to yield more objective BFs as it does not involve the subjective specification of priors (Kass & Raftery, 1995; Wagenmakers, 2007). To do this, we first estimated the difference in BICs (ΔBIC) between an alternative hypothesis (e.g., spatial distance manipulation affects reproduced duration in Experiment 1a) and the corresponding null hypothesis (e.g., spatial distance manipulation does not affect reproduced durations), using the sum of squares and residual sum of squares associated with the critical effect, and then calculated the BF on basis of ΔBIC (for a details for this calculation we refer readers to Masson, 2011). For visual flicker at time encoding (Experiment 1a), BF10 =  66227.1, meaning that the data were 66227 times more likely to occur under a model with visual flicker than a model without it, which constitutes very strong evidence (Kass & Raftery, 1995; Wagenmakers, 2007) that a visually flickering stimulus during time encoding led to longer reproduced durations. Conversely, there is positive evidence that visual flicker at time reproduction (Experiment 1b) led to shorter reproduced durations (BF10 = 9.7).  For spatial distance at time encoding (Experiment 1a), there is very strong evidence that the long-distance lines led to longer reproduced durations than short-distance lines (BF10 = 230.0).  Critically, when the lines were presented during time reproduction (Experiment 1b), there is positive evidence that long- and short-distance lines did not lead to different reproduced durations (BF01 = 3.5). That is, BF analysis shows evidence of absence of spatial distance effects during time reproduction.
To summarize, both visual flicker and spatial distance affected time perception when they were presented concurrently with the stimulus duration at the point of time encoding (Experiment 1a). More specifically, when the stimulus duration was presented as a flickering dot, people reproduced it as longer than when it was presented as a static dot. Similarly, when the stimulus duration was presented as a long-distance line, people reproduced it as longer than when it was presented as a short-distance line. However, visual flicker and spatial distance each exerted very different effects on time perception when presented concurrently at the point of time reproduction (Experiment 1b). The effect of visual flicker flipped: when people saw a flickering dot while they reproduced a stimulus duration, they shortened the duration compared to when they saw a static dot. On the other hand, the effect of spatial distance disappeared: whether people saw a long- or short-distance line while they reproduced a stimulus duration, they reproduced the same duration regardless. These results are thus consistent with the clock-magnitude account of space-time interaction that places the locus of effects at the memory maintenance stage of the internal clock model, whereby visual flicker biases time accumulation but leaves temporal memory intact, and spatial distance does not affect time accumulation but instead interferes with memory of a perceived duration. In this account, a flickering stimulus results in more pulses being accumulated and therefore lengthens whichever duration that it accompanies, thus leading to longer reproduced durations when presented during time encoding but shorter reproduced durations when presented during time reproduction itself. In contrast, because temporal duration is stored in memory as magnitude information (e.g., quantity of pulses from the pacemaker), spatial distance has the ability to bias its representation while they reside concurrently in memory (i.e., when it is presented during time encoding but not time reproduction).

3. Experiment 2
Experiments 1a and 1b showed that visual flicker affects time perception by biasing the actual process of duration accumulation while spatial distance does so by biasing the memory of the accumulated duration. However, these conclusions are based on findings from different experiments using different participants. Experiment 2 aimed to replicate these findings using a within-participant design. That is, we compared the effect of visual flicker and spatial distance between the time encoding stage (i.e., concurrently presented with the stimulus duration) and the time reproduction stage (i.e., concurrently presented with the reproduced duration). 
3.1. Method
	3.1.1. Participants. Eighteen participants from the South China Normal University community (Guangzhou, China) were paid to take part in the experiment. 
3.1.2. Design and procedure. The experiment consisted of an encoding-stage block (where target stimuli were manipulated during the time encoding stage) and a reproduction-stage block (where target stimuli were manipulated during the time reproduction stage). Setup of the encoding-stage block was exactly as in Experiment 1a, while the setup of the reproduction-stage block was exactly as in Experiment 1b. Thus, the experiment adopts a 2 (stage: encoding vs. reproduction) * 2 (stimulus type: visual flicker vs. spatial distance) * 2 (manipulation: control vs. manipulated) design. All factors were within participants and the order of blocks was counterbalanced across participants.
In order to mitigate potential fatigue effects from this longer blocked design, we reduced the number of stimulus durations from 8 to 6 by selecting the middle 6 durations used in Experiment 1a (i.e., 1133, 1533, 1800, 2067, 2333, and 2733 ms). These stimulus durations ensured that the flickering stimulus always began and ended with the visible component of the cycle.
3.1.3. Procedure. The procedure for each block was the same as Experiments 1a and 1b. Block order was counterbalanced across participants. The experiment was run on E-Prime and lasted for about 30 min.
3.2. Results and discussion
We excluded outliers as before, resulting in the removal of 4.1% of the data (106 out of 2592 trials). As in Experiments 1a and 1b, average reproduced means were analysed using stage (encoding vs. reproduction), stimulus type (visual flicker vs. spatial distance), manipulation (manipulated vs. control), stimulus duration, and their interactions, as independent predictors. Table 2 presents the results. Overall, reproduced durations were longer when target stimuli were presented during the encoding stage than during the reproduction stage, and for the manipulated stimulus than for the control stimulus, though they were similar for the two stimulus types. Reproduced duration increased with stimulus duration. There were also several two-way and three-way interactions which largely mirror those found in Experiment 1a, and which we further explore below by conducting separate analyses per stimulus type of visual flicker and spatial distance.



[image: ]
Figure 3: Effects of visual flicker and spatial distance on reproduced duration, when presented during time encoding (A and B) and during time reproduction (C and D) in Experiment 2. Error bars show SEs. 




Table 2: Statistical results for Experiment 2.
	Effect
	F
	p
	ηG²

	Stage
	9.37
	.007
	.065

	Stimulus type
	2.53
	.130
	.002

	Manipulation
	34.26
	< .001
	.018

	Stimulus duration
	145.70
	< .001
	.482

	Stage * Stimulus type
	31.61
	< .001
	.029

	Stage * Manipulation
	41.58
	< .001
	.058

	Stimulus type * Manipulation
	16.01
	< .001
	.007

	Stage * Stimulus duration
	1.49
	.239
	.001

	Stimulus type * Stimulus duration
	0.34
	.566
	< .001

	Manipulation * Stimulus duration
	2.64
	.123
	< .001

	Stage * Stimulus type * Manipulation
	38.62
	< .001
	.038

	Stage * Stimulus type * Stimulus duration
	0.17
	.684
	< .001

	Stage * Manipulation * Stimulus duration 
	8.28
	.010
	.002

	Stimulus type * Manipulation * Stimulus duration
	0.42
	.528
	< .001

	Stage * Stimulus type * Manipulation * Stimulus duration
	0.53
	.477
	< .001


Note: df = (1, 17) for all effects.

The results for visual flicker are shown in Table 3. Reproduced durations were overall longer when visual flicker was presented at the time encoding rather than time reproduction stage, and increased as a function of stimulus duration. More importantly, while reproduced durations were generally longer for the flickering than static dot, such an effect was further qualified by the stage in which the visual flicker was presented. Separate planned analyses per stage showed that, when visual flicker was manipulated during time encoding, the flickering dot led to longer reproduced durations than the static dot (Mdiff = 493 ms, 95% CI = [369, 618], F(1,17) = 68.64, p < .001, ηG² = .281), and this effect appeared to be constant across stimulus durations (F(1,17) = 0.02, p = .893, ηG² < .001; see also Figure 3A); reproduced durations also increased as a function of stimulus duration (F(1,17) = 153.00, p < .001, ηG² = .464). In contrast, when visual flicker was manipulated during time reproduction, the flickering dot led to shorter reproduced durations than the static dot (Mdiff = -171 ms, 95% CI = [-258, -84], F(1,17) = 12.33, p = .003, ηG² = .045), and there is a marginal indication that this effect increased as a function of stimulus duration (F(1,17) = 4.03, p = .061, ηG² = .005; see also Figure 3C); again, reproduced durations increased as a function of stimulus duration (F(1,12) = 77.89, p < .001, ηG² = .432). 
The reverse effects of visual flicker at time encoding and time reproduction thus replicates the findings of Experiments 1a and 1b. Indeed, BF analyses revealed strong support for the conclusions that, compared to the static dot, the flickering dot led to longer reproductions when presented at encoding (BF10 = 492227.7) but shorter reproductions when presented at reproduction (BF10 = 31.9).
Analyses for spatial distance (see Table 3) showed that long-distance lines led to longer reproduced durations than short-distance lines, and this effect did not appear to vary with stimulus duration or stage of presentation, but did increase as a function of both together (i.e., a three-way interaction between manipulation, stimulus duration, and stage). We next conducted separate planned analyses for the encoding and reproduction stages. As expected, spatial distance affected time perception when presented at the encoding stage, with longer reproduced durations for long-distance compared to short-distance lines (Mdiff = 71 ms, 95% CI = [6, 137], F(1,17) = 4.57, p = .047, ηG² = .011; see also Figure 3B), and this effect remained constant across the stimulus durations (F(1,17) = 1.79, p = .198, ηG² = .003); reproduced durations also increased as a function of stimulus duration (F(1,17) = 131.70, p < .001, ηG² = .514). On the other hand, when spatial distance was presented at the reproduction stage, reproduced durations did not differ between the long- and short-distance lines (Mdiff = 1 ms, 95% CI = [-53, 55], (F(1,17) = 0.00, p = .995, ηG² < .001), though they did, as usual, increase as a function of stimulus duration (F(1,17) = 117.70, p < .001, ηG² = .526). There was also an interaction between manipulation and stimulus duration (F(1,17) = 5.45, p = .032, ηG² = .006), which reflects the observation that the long-distance line led to longer reproduced durations for the lower range of stimulus durations but shorter reproduced durations for the higher range of stimulus durations (see Figure 3D).  In other words, this interaction does not suggest an increasingly large effect size for longer stimulus durations, as observed for visual flicker, but rather reflects a change in the actual direction of the effect. These findings are thus consistent with the observations in Experiments 1a and 1b that spatial distance affected time perception when presented during time encoding but not during time reproduction. Indeed, BF analyses showed that the data were weakly in favour of an effect of spatial distance at time encoding (BF10 = 2.0); but the data support the null hypothesis (i.e., no effect of spatial distance) at time reproduction (BF01 = 4.2).



Table 3: Separate analyses for visual flicker and spatial distance in Experiment 2.
	
	
	F
	p
	ηG²

	Visual flicker

	
	Stage
	20.89
	< .001
	.146

	
	Manipulation
	33.51
	< .001
	.042

	
	Stimulus duration
	124.90
	< .001
	.449

	
	Stage * Manipulation
	51.53
	< .001
	.152

	
	Stage * Stimulus duration
	1.29
	.272
	.001

	
	Manipulation * Stimulus duration
	1.93
	.183
	.002

	
	Stage * Manipulation * Stimulus duration
	1.27
	.276
	.001

	Spatial distance

	
	Stage
	1.12
	.305
	.010

	
	Manipulation
	4.94
	.040
	.003

	
	Stimulus duration
	143.40
	< .001
	.519

	
	Stage * Manipulation
	2.26
	.151
	.003

	
	Stage * Stimulus duration
	0.51
	.483
	< .001

	
	Manipulation * Stimulus duration
	0.06
	.815
	< .001

	
	Stage * Manipulation * Stimulus duration
	11.17
	.004
	.005


Note: df = (1, 17) for all effects.

	In summary, Experiment 2 replicated the findings of Experiments 1a and 1b. Visual flicker affected time perception at both encoding and reproduction stages, whereas spatial distance affected the encoding stage only.  These effects support the clock-magnitude (rather than clock-accumulator) account of space-time interaction that localizes spatial distance effects in the memory maintenance stage of the internal clock model, due to interference between magnitude-based representations of duration and distance in the reference memory component.

4. General Discussion
In the present paper, we examined how temporal information experiences interference from information from other magnitude-based dimensions within a mechanistic framework of time perception, using space-time interaction as the test case. In theory, many current models of time perception (e.g., the internal clock model) allow for cross-dimensional interference at the stage in time processing when pulses from the pacemaker are accumulated as a measure of duration, or the stage when these accumulated pulses are maintained in reference memory for later retrieval. If the locus of space-time interaction were at the accumulation stage, then spatial distance effects would have followed the same pattern as visual flicker effects, which increase the subjective time being accumulated (e.g., Droit-Volet & Wearden, 2002; Ortega & Lopez, 2008; Wearden et al., 1999). Alternatively, if the locus of space-time interaction were at the memory maintenance stage of time processing, then spatial distance effects would differ from visual flicker effects in failing to emerge when distance stimuli were presented during time reproduction (i.e., after the maintenance stage has passed). Our experiments showed that a flickering visual stimulus (relative to a static one) led to longer reproduced durations when it accompanied the encoding of stimulus duration but shorter reproduced durations when it accompanied the reproduced duration, consistent with previous findings (Ortega & Lopez, 2008; Wearden et al., 1999). For spatial distance, a long-distance line (relative to a short-distance one) led to longer reproduced durations when it accompanied the encoding of stimulus duration, consistent with previous demonstrations of the space-on-time effect (Cai et al., 2013; Cai & Connell, 2015; Casasanto & Boroditsky, 2008; Merritt et al., 2010). Critically, we demonstrated for the first time that this space-on-time effect disappears when the line accompanies the reproduced duration. These findings suggest that concurrent spatial distance biases the representation of temporal duration in memory rather than biasing the way in which time is accumulated (i.e., as does visual flicker). That is, concurrent spatial distance presented during time encoding has the opportunity to influence the representation of the perceived stimulus duration because both are kept in memory as mental magnitudes (Walsh, 2003, 2014).  Our results are therefore consistent with the clock-magnitude account of space-time interaction that places the locus of interaction between temporal and non-temporal dimensions of magnitude at the memory maintenance stage of the internal clock model.
While our stage-dependent effects of visual flicker were consistent with previous research (Droit-Volet & Wearden, 2002; Ortega & Lopez, 2008; Penton-Voak et al., 1996; Wearden et al., 1999), we also found that the effects were considerably smaller at time reproduction than at time encoding. Such an attenuation of effect size would not be predicted by a change in pacemaker speed, because, if a flickering stimulus accelerated the pulse rate of the internal clock (Droit-Volet & Wearden, 2002; Ortega & Lopez, 2008), then it would be expected to bring about the same acceleration every time it was presented.  Nor would an attenuation of effect size be predicted by switch latency, because, if a flickering stimulus led the accumulator to be switched on earlier and/or off later (Gibbon & Church, 1984; Penney et al., 2000), then it would be expected to trigger the same switching behavior every time it was presented.  That is, either a pacemaker speed or switch latency effect should affect every initiation of timing equally, regardless of whether it takes place at the encoding or reproduction stage, which did not occur. Such a conclusion is consistent with more recent studies suggesting that repetitive stimulation, such as visual flickers and auditory click trains, may not accelerate the speed of the pacemaker speed as previously believed (Droit-Volet, 2013; Droit-Volet, Clement, & Fayol, 2008; Herbst et al., 2013; Herbst, Chaumon, Penney, & Busch, 2014).
The effect size attenuation of visual flicker is instead consistent with the notion of attentional allocation modulating the number of pulses that are registered by the accumulator (Zakay & Block, 1995, 1997).  In this account, an attentional “gate” acts as a filter between the pacemaker and the switch in the accumulation stage of the internal clock model (cf. Lejeune, 1998).  In a timing task, people may divide their attentional resources between attending to external and executive events and attending to time; the more attention is allocated to monitoring time, the wider the attentional gate opens, and the more pulses pass through to the accumulator. During time encoding, participants’ only task is to monitor duration by watching the onscreen stimulus and so can attend closely to time; hence, the attentional gate should be wide open and allow many pulses to be accumulated. During time reproduction, however, participants must not only monitor duration via the onscreen stimulus but also simultaneously execute button-pressing actions and access reference duration in memory, and so cannot attend wholly to time; hence, the attentional gate will be partly closed and allow fewer pulses to be accumulated.  Regardless of whether a flickering stimulus accelerates pacemaker speed (Droit-Volet & Wearden, 2002; Ortega & Lopez, 2008), triggers earlier switch-on (or delayed switch-off) latency (Gibbon & Church, 1984; Lejeune, 1998; Penney et al., 2000), helps to prevents registered pulses from “leaking” from the accumulator (Wackermann, 2011; Wackermann & Ehm, 2007), or attracts more attention to monitoring time than a static stimulus, the attentional gate exerts an effect: if a flickering stimulus receives less attention during time reproduction than during time encoding, then its effects will be attenuated.  Hence, while our findings cannot determine precisely why visual flicker increases the number of accumulated pulses, they support the idea that an attentional gate plays an important role in the accumulation stage of the internal clock model (see Herbst et al., 2013, for a similar conclusion; but cf. Herbst et al., 2014). Indeed, other studies suggest that external stimuli such as click trains and emotional content affects duration accumulation in memory rather than biasing the speed of the encoding mechanism (e.g., the pacemaker) (Droit-Volet, 2010, 2013; Droit-Volet et al., 2008).
In contrast, the spatial distance effects we observed cannot be explained by such attentional interference mechanisms. For example, if long-distance lines caused participants to devote more attention to monitoring time[footnoteRef:3], then the attentional gate would open wider and more pulses would pass through to the accumulator.  Hence, long-distance lines presented during time encoding would result in longer durations (e.g., more pulses) being stored in memory compared to short-distance lines, and therefore lead to longer reproduced durations.  However, long-distance lines presented during time reproduction would lead participants to subjectively experience time as passing more quickly (e.g., more pulses are passed through to the accumulator within a given objective duration) compared to short-distance lines, and therefore lead them to terminate the reproduction task earlier, producing shorter reproduced durations.  This effect did not occur.  Rather, the absence of spatial distance effects during time reproduction suggests that distance and duration must co-reside in memory for interference to take place, as the clock-magnitude account proposes.  Moreover, this conclusion is consistent with other findings of non-temporal magnitude effects on time perception. In particular, Cai and Wang (2014) showed that people perceived a larger-magnitude number (e.g., 8) to have a longer duration than a smaller-magnitude number (e.g., 2), a parallel finding to the current effects of distance on time. Critically, they further showed that numerical magnitude, like distance in the current study, did not affect reproduced durations when presented during time reproduction, not even when they explicitly required participants to attend to the number presented at the reproduction stage by having them to later reproduce that number. It is therefore unlikely that the effects of spatial distance in the present paper could have arisen due to attentional interference. [3:  We thank an anonymous reviewer for this suggestion.] 

The lack of spatial distance effect at the reproduction stage also helps to rule out some other accounts of time-space interaction effects. Yates, Loetscher, and Nicholls (2012) claimed that magnitude information, such as spatial distance, biases people’s decisions about duration rather than affecting the perceived duration itself. One could argue that a temporal reproduction task also requires a decision, in that a participant must decide on the optimal point in time to terminate the task that minimises the difference between the current trial’s target duration and the unfolding reproduced duration.  However, the nature of that decision is fundamentally different to the type of categorical choice employed in a temporal decision task of the kind employed by Yates et al., where the participant must make a binary judgement of whether the current trial’s target duration is longer or shorter than a previously learned threshold duration. This latter task is subject to a number of possible biases, where the decision to choose the “longer” (or “shorter”) response key can be primed by similarity to other magnitude information (Yates et al., 2012) or by linguistic cues within the task (see Cai, Connell, & Holler, 2013). However, if these kinds of biases were to operate on the (arguable) decision component of a temporal reproduction task, then they would exert their influence regardless of when they were presented.  A long line presented during time encoding would prime the participant to hold down the key for “longer” when deciding to terminate the reproduced duration, and likewise a long line presented during time reproduction would prime the participant to hold down the key for “longer” when deciding to terminate the reproduced duration. That is, if the spatial distance effect in our studies only reflected a decision bias, then it should have exerted the same bias at both encoding and reproduction stages, which did not occur. Hence, the ability of magnitude information to affect timing in our temporal reproduction paradigm – but only at the point of encoding – cannot be explained by decision bias (see also Rammsayer & Verner, 2014).
[bookmark: _GoBack]Recent findings add further support to the central position of the clock-magnitude account that space-time interaction arises as memory interference due to a common representational format (Cai & Connell, 2015; Cai, Wang, Shen, & Speekenbrink, unpublished results). Our current findings that space-time interaction were not observed to arise during the accumulation stage of time perception (Experiments 2 and 3) are complemented by the observations in Cai et al. (unpublished results) that space-time interactions arise from memory interference. These authors presented two line segments (red and blue) of different distances for a particular duration, and asked participants to reproduce first the duration and then one of the distances. When participants were cued which segment distance they would shortly need to reproduce (i.e., red or blue) before duration reproduction, the usual effect of space on time appeared.  But when participants were cued at the start of duration reproduction, space had no effect on time. Consistent with the clock-magnitude account of space-time interaction, these effects can be attributed to interference in reference memory: space affected time only when both representations had an opportunity to co-reside in memory for a short while.  
Moreover, Cai and Connell (2015) showed that the ability of time and space to influence one another as they co-reside in memory depends on the spatial acuity of the representations in question. Cai and Connell used a similar paradigm to that employed in Experiment 1a, where spatial distance (i.e., the length of a physical stick) was presented at the encoding stage for a particular duration before participants were asked to reproduce either the distance or duration.  Rather than presenting spatial distance in the high-acuity modality of vision, however, Cai and Connell presented it in the lower-acuity modality of touch.  They found that the typical direction of space-time effects was reversed; the effect of time on haptic space was substantially stronger than the effect of haptic space on time. That is, relatively low-acuity spatial representations fail to bias the representation of temporal duration, but are instead prone to interference from duration itself as both reside together in memory. Consistent with the clock-magnitude account, Cai and Connell’s findings support the idea that time and space share a common (magnitude) representational format, and further illustrate that the memory interference can work both ways depending on the spatial acuity of the modality used to perceive distance.
Our conclusion that physical magnitudes and temporal duration share a common representational format in memory is further supported by observations that both temporal durations and other physical magnitudes are subject to systematically similar memory effects. First, representations of physical magnitudes, such as spatial distance and numerosity, tend to diminish while being held in memory, leading to underestimation in later retrieval (Bradley & Vido, 1984; Zhao & Turk-Browne, 2011); so too do representations of temporal durations (Wearden & Ferrara, 1993; Wearden, Goodson, & Foran, 2007). For instance, Bradley and Vido (1984) showed that people underestimated spatial distance between two objects when they based their judgment on memory of the objects, whereas Wearden and Ferrara (1993) showed that people tended to underestimate a sample duration that they had memorized a few (1-16) seconds beforehand (see also Casasanto & Boroditsky, 2008).  Second, the representations of time and other physical magnitudes are both susceptible to regression towards the mean (also known as the contraction bias, Poulton, 1979, or Vierordt’s law, Gu & Meck, 2011), with overestimation for magnitudes under the mean and underestimation for magnitudes above the mean (Ashourian & Loewenstein, 2011; Jou et al., 2004; Tresilian, Mon-Williams, & Kelly, 1999). For example, Tresilian et al. (1999) showed that, when asked to reproduce the distance of an object, people over-reproduced distances for objects that were near but under-reproduced distances for objects that were further away, while Jazayeri and Shadlen (2010) similarly found that people respectively over- and under-reproduce short and long durations. Though the diminishing effect may be attributed to (working) memory decay, the regression-to-the-mean effect cannot because it affects different magnitudes differently. A more plausible explanation is that memories of spatial distance and temporal duration are subject to similar patterns of representational distortion because they are fundamentally magnitude-based.
In summary, the present paper brings together the representational and mechanistic approaches to time perception by showing that the interaction between time and space (and possibly also other magnitude-based dimensions such as numerosity) emerge as a result of interference between perceived temporal durations and spatial distances, which are both kept in reference memory as mental magnitudes.  This conclusion is based on the experimental findings that, though visual flicker exerted inverse effects on reproduced durations when presented at time encoding and time reproduction, spatial distance only affected time perception at time encoding but had no effect at time reproduction.  By integrating the representational approach with the mechanistic approach of time perception, the present paper therefore provides a detailed timecourse of when and where the mental representation of time can be altered by spatial distance information.
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