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Scalar Timing in Temporal Generalization in Humans With Longer Stimulus Durations J. H. Wearden, L. Denoyan, M. Fakhri, and R. Haworth University of Manchester Three experiments investigated temporal generalization performance in humans by using stimulus durations similar to those previously used with rats. In most conditions, chronometric counting was prevented by concurrent shadowing of temporally irregular numbers. Experiment 1 examined performance with visual stimuli, when the standard was 4.0 s long and nonstandaid stimuli were spaced either linearly or logarithmically around the standard. Generalization gradients were asymmetrical with linear spacing but symmetrical with logarithmic spacing, a result obtained previously with humans. Experiment 2 used auditory stimuli and varied the standard across values of 2.0, 4.0, 6.0, and 8.0 s. All gradients were asymmetrical, and good superposition was obtained, indicating conformity to scalar timing. Experiment 3 prevented or encouraged chronometric counting by changing instructions, and temporal generalization gradients differed when counting was and was not used.



In the original temporal generalization study of Church and Gibbon (1982), rats were trained to identify the absolute duration of a presented stimulus. In a typical condition, lever presses were reinforced after a 4.0 s period of darkness, but not after longer or shorter durations. After considerable training, the rats produced temporal generalization gradients in the form of plots of response frequency against stimulus duration that (a) peaked at 4.0 s and (b) had an approximately Gaussian shape, so that stimuli of equal durations above and below the standard supported about equal levels of responding. Although Church and Gibbon's (1982) original experiment yielded orderly data, the method they used has not found favor in studies of timing in nonhumans since thenreport. According to R. M. Church (personal communication, February, 1994), this is probably because the task was very difficult for the rats to learn, in contrast to their ease of training on the conceptually somewhat similar peak-interval procedure (Roberts, 1981), which has subsequently replaced the original temporal generalization method as the technique of choice (e.g., Church, Meek, & Gibbon, 1994; Church, Miller, Meek, & Gibbon, 1991). In work with humans, on the other hand, analogues of Church and Gibbon's original procedure have rapidly yielded orderly data in four studies (Wearden, 1991a, 1992; Wearden & Towse, 1994; Wearden,



Wearden, & Rabbitt, 1997) without technical problems. These experiments used short-duration stimuli (usually tones) less than 1.0 s long. Such stimulus values were used to prevent chronometric counting, a common precaution in work with humans that attempts to study timing processes that humans and nonhumans might have in common (for other examples, see Allan & Gibbon, 1991; Wearden, 1991b, 1995; Wearden & Ferrara, 1995,1996; Wearden & McShane, 1988; for a general review, see Wearden & Lejeune, 1993). The previous use of short-duration stimuli, although fruitful in terms of experimental results, raises the obvious question of what would happen with human participants if the durations judged had been longer. In particular, would behavioral differences between humans and nonhumans on temporal generalization (noted in the studies above and discussed in detail later) still occur if the durations judged were the same, or nearly so? More generally, it would be beneficial to develop methods for studying timing of longer durations with humans without chronometric counting, as analogues for humans of certain animal experiments of theoretical importance (notably the time-left procedure of Gibbon & Church, 1981) seem impossible to devise when short durations are used. Some recent articles have addressed the problem of timing longer durations in humans without chronometric counting by using a concurrent distractor task, the verbalization of temporally irregular random numbers presented on a computer screen, which effectively prevents chronometric counting. Nichelli, Alway, and Grafman (1996) and Wearden, Rogers, and Thomas (1997) have reported bisection experiments that used this method. In the latter study, humans bisected stimuli sets containing durations the same as, or overlapping with, those used in experiments with rats and pigeons (e.g., Church & Deluty, 1977). In spite of the similarity of the durations, the bisection performance of humans exhibited some differences from bisection in rats and pigeons and resembled that obtained from humans with



J. H. Wearden, L. Denovan, M. Fakhri, and R. Haworth, Department of Psychology, University of Manchester, Manchester, United Kingdom. The experiments reported here were carried out by L. Denovan, M. Fakhri, and R. Haworth in partial fulfillment of the requirements for Honors degrees in psychology awarded by the University of Manchester. Software used to model the data in this article is available from J. H. Wearden at the address below. Correspondence concerning this article should be addressed to J. H. Wearden, Department of Psychology, University of Manchester, Manchester M13 9PL, United Kingdom. Electronic mail may be sent via Internet to [email protected].
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much shorter stimulus durations (e.g., Wearden, 1991b; Wearden & Ferrara, 1995,1996). In the present article, we report three experiments that used a distractor method to study temporal generalization in humans with longer stimulus durations than hitherto used, including in some conditions a set of durations that overlaps with that used with rats by Church and Gibbon (1982). In Experiment 1, different groups of participants received sets of visual stimuli in which a 4.0 s duration was always the standard. As well as the 4.0 s standard, six nonstandard stimuli were also presented, three shorter than the standard and three longer. For one group, visual-linear spacing (VISLIN), the nonstandard stimuli were spaced in equal linear steps around the standard duration, and for the other visual-logarithmic spacing (VISLOG) the nonstandard stimuli were spaced around the standard in equal logarithmic steps. The duration values we used were the same as most of those used in Experiment 1 of Church and Gibbon (1982) with rats, excluding only some of their durations that were remote from 4.0 s, as pilot work had suggested that humans would always discriminate these perfectly from the 4.0 s standard. Not only did we use many of the durations in Experiment 1 judged by Church and Gibbon's (1982) rats, and use visual stimuli as they did (although their stimulus was a period of darkness), but we also arranged another similarity between the experiments reported here with humans and the rat study, as our participants, like Church and Gibbon's rats, had to learn which stimulus duration was the standard at the start of the experiment. In contrast, in earlier work with temporal generalization in humans (Wearden, 1991a, 1992; Wearden & Towse, 1994; Wearden et al., 1997), participants initially received presentations of the standard duration identified as such. In the present study, however, they were merely told to use the performance-related feedback that followed judgments about stimuli to learn which of the presented values was the standard. The learning in humans was, of course, much more rapid than in rats, but nevertheless this procedural change from earlier studies strengthened the analogy between the work reported here and Church and Gibbon's (1982) experiments.



Experiment 1
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(with a slight modification described below) presented in the center of the computer screen. We illustrate the procedure by describing conditions for the VISLIN group. Participants were initially instructed that one of the durations to be presented had a standard length and that they would initially have to learn which one it was. They were told that (a) the feedback given to them was accurate, and (b) that the value of the standard did not change throughout the experiment. This information was correct They were further told that one aim of the experiment was to see how people timed events while performing another task as well, and the other task was to repeat aloud numbers that appeared in the center of the screen. It was emphasized that this additional task was important, that they should not miss any numbers, and that furthermore their performance on the number shadowing task was being recorded. To produce each trial stimulus the participant pressed the spacebar in response to a "Press spacebar for next trial" prompt, and this response was followed by a delay, which was a random value picked from a uniform distribution running from 2.0 to 3.0 s, followed by stimulus presentation. For the VISLIN group the standard duration was 4.0 s, and the nonstandard durations were 1.6, 2.4, 3.2, 4.8, 5.6, and 6.4 s. As the stimuli and the distractor used were both visual, we arranged a small ( 2 X 2 cm) black window in the center of the blue square and presented the random numbers (white on black) in this window. Participants could thus read the numbers without moving their eyes away from the stimulus square. Both the prestimulus delay and the stimulus presentation could contain the random numbers, which were randomly chosen from the range 10-99. The random number remained on the screen for 150 ms, and the interpresentation interval for numbers (offset to onset) was a value randomly chosen from a uniform distribution between 300 and 900 ms. The numbers ceased when the visual stimulus went off, and stimulus offset was followed by the display "Was that the standard time? Press Yes (Y) or No (N) keys." A response was followed by accurate feedback in all cases (e.g., "Correct. That WAS the standard time," "Incorrect. That WAS NOT the standard time," and so on). The stimuli to be timed were arranged in blocks of 9, with the standard appearing three times and the nonstandard stimuli appearing once each. The nine stimuli were arranged in different random orders in each block, and 12 blocks were presented in the experimental session. The procedure for the VISLOG group was identical except that the nonstandard stimulus durations were 2.0,2.6,3.2,5,6.4, and 8.0 s. The stimulus durations for both the VISLIN and VISLOG groups were subsets of the durations used for rats in Church and Gibbon (1982, Experiment 1) excluding only some durations temporally remote from the standard.



Method Participants. Thirty undergraduate students at Manchester University, Manchester, United Kingdom, participated for course credit that was not, however, contingent on performance. They were arbitrarily allocated to two equal-sized groups. Apparatus. An Opus computer (IBM compatible) controlled all experimental events, and the computer keyboard was used as the response manipulandum. A reel-to-reel tape recorder connected to a microphone recorded each participant's verbalizations of the distractor stimuli. The computerized experimental procedure was written in the MEL (Micro-Experimental Laboratory) language, which ensures millisecond accuracy for timing of all events. Procedure. All participants received a single experimental session, lasting about 30 rain, which took place in an experimental cubicle isolated from external noise. For the VISLIN and VISLOG groups the stimulus to be timed was a 14 X 14 cm light-blue square



Results Data from 3 participants (2 from the VISLIN group and 1 from the VISLOG group) were lost because of a computer error. Most participants spontaneously reported that they found the concurrent shadowing task difficult, at least at the start of the experimental session. They also reported that chronometric counting was impossible (which was confirmed by the experimenters' experience of the task when developing it), and no participant reported the use of the number or rate of distractors as a cue for judgments of the stimulus duration. Data were taken from the last 8 (of 12) blocks of stimulus presentations, thus discarding the initial phase of the experi-
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meat when participants were learning the standard stimulus length. Figure 1 shows the proportion of yes responses (identifications of a presented duration as the 4.0 s standard) for both the VISLIN and VISLOG groups. Inspection of the graphs suggests that the temporal generalization gradient was markedly asymmetrical in the VISLIN group, with more yes responses occurring to stimuli longer than the standard than to stimuli shorter by the same amount, but the asymmetry was less marked, or absent, when stimuli were logarithmically spaced around the standard in the VISLOG group. Asymmetry was first tested with Wilcoxon tests comparing the mean proportion of yes responses to the three durations shorter than the standard with that from the three durations longer than the standard. The difference was significant (p = .01) for the VISLIN group but not for the VISLOG group (p = .83). We next examined the three concentric pairs of durations around the standard, where the closest pair was defined as the stimuli immediately above and below the standard (e.g., 3.2 and 4.8 s for the VISLIN group), the middle pair as the stimuli two away from the standard in either direction (e.g., 2.4 and 5.6 s for the VISLIN group), and the farthest pair as the stimuli most remote from the standard in either direction (e.g., 1.6 and 6.4 s for the VISLIN group). Wilcoxon tests on data from the VISLIN group showed that the proportion of yes responses at the closest concentric pair did not differ significantly (p = .15), but that significantly more responses occurred to the longer stimuli in both the middle (p = .006) and farthest (p = .025) concentric pairs. For the VISLOG group, none of the three comparisons produced significant differences or even approached significance (closest: p = .85; middle: p = .81; farthest: p - .93).
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Experiment 1 showed that orderly temporal generalization gradients could be obtained from humans with visual durations of the same value as those used by Church and Gibbon (1982) with rats when (a) chronometric counting was prevented by a concurrent shadowing task, and (b) participants initially had to learn which stimulus duration was the standard. As noted above, the use of many of the same stimulus durations as used with rats and the requirement that participants initially learn the standard duration (rather than having it demonstrated as in Wearden, 1992) greatly strengthened the procedural similarities of the experiments with rats and humans, compared with other studies of temporal generalization in humans (Wearden, 199la, 1992; Wearden & Towse, 1994). In spite of this, the overall shape and other features of the temporal generalization gradients found more closely resembled the previous gradients obtained from humans than those obtained from rats. The main difference of interest was asymmetry in linear time; that is, humans were more likely to confuse stimuli longer than the standard with it than stimuli shorter by the same amount in real time (cf. Wearden, 1991a, 1992; Wearden & Towse, 1994; Wearden et al., 1997). The asymmetry was reduced by spacing the stimuli logarithmically around the standard. In rats, in contrast, temporal generalization gradients were nearly symmetrical in linear time but asymmetrical with logarithmic stimulus spacing (e.g., Church & Gibbon, 1982, Figure 2). Previous studies of temporal generalization in humans prevented chronometric counting by using stimulus durations less than 1.0 s long, and the present study prevented it by using a distractor and stimuli that were 10 times as long (or more) as those used in the earlier work. Nevertheless, temporal generalization gradients obtained from humans were strikingly similar in shape in the different studies, even with this change of stimulus length, a fact that is explored in more theoretical detail in the General Discussion below.
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Figure I. Proportion of yes responses (identifications of a presented stimulus duration as the standard, 4.0-s, stimulus) from Experiment 1, plotted against stimulus duration. Filled circles = visual-linear spacing (VISLIN) group; open circles = visuallogarithmic spacing (VISLOG) group.



Experiment 2 investigated whether temporal generalization gradient asymmetry was obtained from humans when the standard duration was varied. We also changed the stimulus modality, from visual to auditory, to increase the generality of our results. In Experiment 2, the standard values used were tones of 2.0, 4.0, 6.0, and 8.0 s hi length, with counting prevented by the distractor technique in all cases. In all cases, nonstandard stimuli were spaced linearly around the standard. This change of standard length enabled the data to be examined for the property of superposition, the property that measures of timing behavior superimpose when plotted on the same relative scale. Superposition is a strong form of conformity to Weber's law, a requirement of scalar timing theory (Gibbon, 1977; Gibbon, Church, & Meek, 1984), and is almost universally found in timing data from nonhumans and humans (see Wearden, 1995, for recent data from humans). Data from Church and Gibbon's (1982) temporal generalization experiment also exhibited superpo-
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sition, when the probability of a response was plotted against stimulus duration, where duration was expressed as a fraction of the standard duration (Church & Gibbon, 1982, Figure 10). We examined data from Experiment 2 in an identical way.



c o a



Method Participants. Sixty undergraduate students at Manchester University, Manchester, United Kingdom, served for course credit and were arbitrarily allocated to four equal-sized groups. Apparatus. The apparatus was the same as in Experiment 1. Procedure. The procedure was identical to that used for the VISLIN group of Experiment 1 except for the durations used, and the fact that the stimuli to be timed were 500 hz tones produced by the computer speaker rather than visual stimuli. The distractors were presented in the center of a black and white computer screen. Stimulus durations are given below for the different groups, with the group identifier describing the standard for that group: Group 2 s—0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 s; Group 4 s—1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 s; Group 6 s—1.5, 3.0,4.5, 6.0, 7.5, 9.0,10.5 s; Group 8 s—2.0,4.0,6.0, 8.0,10.0,12.0,14.0 s.
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Results Data were taken from the last 8 of 12 blocks of stimulus presentations. The upper panel of Figure 2 shows the proportion of yes responses (identifications of a stimulus as the standard) plotted against stimulus duration for the four groups. Inspection of the temporal generalization gradients produced by the four groups shows that (a) in all cases the peak of the gradient coincided with the standard value, and (b) all gradients were asymmetrical in that stimuli above the standard, whatever it was, were more likely to be confused with the standard than values below the standard by the same absolute amount. The asymmetry was first tested by comparing the mean proportion of yes responses to the three stimuli shorter than the standard with the proportion to the three stimuli longer by using a Wilcoxon test. Significantly more responses occurred to the longer stimuli in Group 2 s (p < .01), Group 4 s (p < .01), and Group 8 s (p = .02), but this comparison for Group 6 s just failed to reach significance (p = .06). We next compared concentric pairs, defined as in the Results section of Experiment 1. Again, according to Wilcoxon tests the differences in yes responses in the closest concentric pair were never significant in any group, whereas the middle and furthest concentric pairs were always significant in all groups (that is, all eight comparisons, two from each of four groups, were significant). In all significant cases more yes responses occurred to the longer member of the concentric pair than the shorter. Overall, therefore, the gradients were strongly asymmetrical in the direction found in Experiment 1, whatever the standard value. We next used Kruskal-Wallis analysis of variance to examine some potential between-group differences as the standard duration varied. However, the absolute proportion of yes responses at the standard did not vary significantly as the standard length changed, x2(3, N = 4) = 2.00, p = .57,



Stimulus
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Figure 2. Upper panel: proportion of yes responses plotted against stimulus duration for the four groups from Experiment 2, for whom the standard duration varied between groups (2.0-8.0 s). Lower panel: proportion of yes responses from the four groups of Experiment 2 plotted against stimulus duration expressed as a fraction of the standard duration.



and the proportion of yes responses to the stimuli shorter than the standard and to those longer than the standard did not vary as a function of group (and thus standard) value: shorter, x2(3, N = 4) = 2.09, p = .55; longer, x2(3, N = 4) = 3.55,p = .31. The lower panel of Figure 2 shows the proportion of yes responses from the different groups plotted against stimulus duration expressed as a fraction of the standard duration. This plot tests the property of superposition, as all gradients should superimpose when plotted in this way if the property holds. Inspection of the results shown in the lower panel of



506



WEARDEN, DENOVAN, FAKHRI, AND HAWORTH



Figure 2 shows that superposition was generally good, although Group 4 s superimposed slightly less well than the others. Possible theoretical derivations of such superposition is discussed further in the General Discussion.



Discussion Results from Experiment 2 showed that the asymmetry found in the VISLIN group of Experiment 1 did not depend on the fortuitous choice of a 4.0-s standard duration and was obtained as the standard varied between 2.0 and 8.0 s. Furthermore, results from conditions with different standard values showed no change in the absolute proportions of yes responses either at the standard, or for stimuli shorter or longer than the standard, as the standard value varied. Finally, data from conditions with different standard values showed good superposition when plotted on the same relative scale. Although data from Experiments 1 and 2, taken along with data from earlier studies (e.g., Wearden, 1992), show that temporal generalization performance in humans is very similar whether chronometric counting is prevented by the use of short durations or by a concurrent distractor, they do not address the issues of whether chronometric counting makes a difference, or at least a substantial difference, in human performance, and what position should be taken about chronometric counting by those interested in animalhuman comparisons. The possible role of chronometric counting in timing has received some experimental and theoretical attention since Gilliland and Martin (1940); see, for example, Getty (1976), Petrusic (1984), Killeen and Weiss (1987), and Fetterman and Killeen (1990), although explicit comparisons of counting-based and noncounting-based timing have been rare. Some published evidence does, however, suggest that chronometric counting makes a difference in human timing. For example, Wearden (199la) reported data from interval production studies including comparisons between countingbased and noncounting-based production. The two differed in that (a) coefficients of variation of times produced were smaller with counting (that is, the dispersion of values around the mean was relatively less), and (b) the coefficient of variation declined as the interval produced increased, thus violating Weber's law. This second property is predicted by some models of chronometric counting (Wearden, 199la; see also Killeen & Weiss, 1987), and these results joined others in the literature (e.g., Petrusic, 1984) showing a high degree of performance accuracy, particularly in terms of low behavior variance, when counting was used in time judgments. If chronometric counting in humans requires (a) the construction of a count unit (usually related to the participant's estimate of 1.0 s; Gilliland & Martin, 1940), (b) the ordinal tagging of the repetition of this count unit often up to numbers apparently exceeding nonhumans' capacity for numerosity judgments (e.g., as in production of 32-s intervals in Wearden, 1991a), and (c) arithmetical decisions about the relation between the ordinal value arrived at in the count during the event being represented and ordinal values



associated with reference events (e.g., is the number counted greater than the standard number?), then counting would appear unlikely in nonhumans. Studies of sensitivity to numerosity in nonhumans (e.g., as gathered in Boysen & Capaldi, 1993) have demonstrated that rats, pigeons, and nonhuman primates can use cues related to the number of items in a presented display to control their behavior, but whether this constitutes genuine counting remains the subject of lively debate (e.g., contrast Davis, 1993, with Capaldi, 1993). Furthermore, given that "the establishment of ... [counting-related] . . . skills in a species even as intelligent as the chimpanzee requires a heroic effort . . . compared to the seeming ease with which counting skills are acquired by preschoolers" (Boysen, 1993, p. 39), it seems highly unlikely that rats and pigeons in timing experiments use any skill that closely resembles human chronometric counting. On the other hand, parallels certainly exist between chronometric counting and the kind of processes posited by some theories of timing in nonhumans (such as the counting of pulses in pacemaker-accumulator models or clockcomparison models; see Broadbent, Church, Meek, & Rakitin, 1993), so a considerable degree of theoretical continuity between nonhuman and human timing processes can be preserved even if chronometric counting is unique to humans. Killeen and Weiss (1987) and Fetterman and Killeen (1990) discussed different possible types of counting processes, and Wearden (199la) also showed that the behavior produced by humans when they used chronometric counting to control the length of the intervals they produced could be consistent with an underlying scalar timing process, and thus be potentially consistent with the principles that appear to hold in timing in nonhumans. Experiment 3 explicitly investigates the possible role of counting in temporal generalization. The durations to be timed were auditory equivalents of those used in the VISLIN group of Experiment 1 (i.e., a 4.0-s auditory stimulus, a 500-hz tone, served as a standard, and nonstandard stimuli were spaced linearly around it). Three groups of participants timed the same events, and conditions differed only in the instructions they were given about performance. One group (distract) was treated in an identical manner to the VISLIN group of Experiment 1, except for the stimulus change; that is, they were required to perform the concurrent distractor task while timing. For the other two groups the distractors were still present, but participants were instructed to ignore them. In one group (ignore) this was the only instruction given, and for the other group (count) participants were instructed to use chronometric counting to time the auditory stimuli. Experiment 3 Method Participants. Forty-five undergraduates at Manchester University, Manchester, United Kingdom, participated for course credit and were allocated to three equal-sized groups. Apparatus. The apparatus was the same as in Experiments 1 and 2.
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TEMPORAL GENERALIZATION Procedure. Auditory stimuli (500-hz tones produced by the computer speaker) of the same length as the stimuli for the V1SLIN group of Experiment 1 were given to all participants. All groups were treated identically except for the instructions given. In the distract group, participants were required to repeat the distractors which occurred during the prestimulus and stimulus periods, as for the VISLIN group of Experiment 1. For the two other groups, the distractors were presented, but for the ignore group, participants were instructed to ignore the distractors but given no other explicit instructions about the task other than to identify the standard. The count group was told that chronometric counting would be useful and that they should use it, counting in any manner that felt comfortable to them.



Results The proportion of yes responses from the last 8 of 12 blocks of stimuli, plotted against stimulus duration, is shown for the three groups in Figure 3. Inspection of the data in Figure 3 suggests that the temporal generalization gradient was markedly asymmetrical in the distract group but that the asymmetry was reduced, or absent, in the other two groups. Wilcoxon tests that were applied to the mean number of responses to stimuli shorter than the standard compared with that to stimuli longer than the standard produced showed that there were significantly more responses to longer stimuli in the distract group (p < 0.01), but the difference did not reach significance either for the ignore group (p = .10) or for the count group (p = .98). Wilcoxon test analyses of the concentric pairs of durations around the standard showed that the longer member of the pair produced significantly more yes responses than the shorter for the middle and furthest concentric pairs in the distract group (p < .05 in both cases) but the difference for the closest concentric pair (4.8 s vs. 3.2 s) was not significant for this group (p = .21). In the ignore group,
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none of the three concentric pairs produced a significant difference (smallest p - .07), and this was also true for the count group (smallest p = .59). A Kruskal-Wallis analysis of variance showed that there was a significant betweengroup difference in the mean proportion of yes responses made to stimuli shorter than the standard (p < .05), and that made to stimuli longer than the standard (p < .001), but that the proportion of yes responses made to the standard showed no significant between-group difference (p = .07). The source of these significant differences always came from comparisons of the distract group with other groups. MannWhitney [/tests found no significant differences between the proportion of yes responses made to stimuli either longer or shorter than the standard when comparing the ignore and count groups, but significantly more yes responses were made to stimuli shorter than the standard in the distract group compared with the count group (p < .05), but not in comparison to the ignore group. The proportion of yes responses to stimuli longer than the standard was, however, higher in the distract group than in the other two groups (p < .05 in both cases).



Discussion Experiment 3 shows that chronometric counting makes a difference in performance on temporal generalization, with explicit chronometric counting resulting in symmetrical temporal generalization gradients, as opposed to the asymmetrical ones obtained when counting was prevented with a distractor. The proportion of identifications of the standard, a 4.0-s duration, was not significantly affected by counting, but the proportions of responses made to stimuli shorter and longer than the standard (which were all errors) were reduced by counting, usually significantly. Thus, performance with counting was more accurate in this sense than that without. It seems therefore that chronometric counting does make a marked difference to temporal generalization performance in humans in terms of the overall shape of the temporal generalization gradient as well as a reduction in false positive errors. In the absence of counting, both when it is prevented by distractors (in Experiments 1-3) and by the use of short durations (Wearden, 199la, 1992), temporal generalization gradients are usually significantly asymmetrical when stimuli are linearly spaced around the standard, a finding that is robust in the face of changes in the standard duration between and within experiments (e.g., Experiment 2, above, and Experiment 2 of Wearden, 1992), as well as differences in stimulus modality (Experiment 1, above). In contrast, when counting is used, symmetrical generalization gradients are obtained. General Discussion
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Figure 3. Proportion of yes responses plotted against stimulus duration for the three groups of Experiment 3: distract (filled circles), ignore (unfilled squares), and count (unfilled circles).



The data from the present experiments confirm and extend previous results on temporal generalization in humans in a number of ways. First, temporal generalization gradients were significantly asymmetrical in real time, with stimuli longer than the standard being more likely to be confused
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with it than stimuli shorter by the same amount (Experiments 1, 2, and 3). This is the same result as that obtained with filled (Wearden, 1992) and unfilled (Wearden, 1991a) durations about 10 times shorter than used above, and is robust in the face of changes of stimulus characteristics from visual to auditory continuous events, through durations defined by clicks (Wearden, 1991a). Second, spacing stimulus durations logarithmically in time around a standard reduced the asymmetry to statistical insignificance. This result likewise replicates results from previous studies (e.g., Wearden, 1991a, 1992). Thus, temporal generalization gradients obtained from humans without counting appear to differ in shape from those obtained from rats even when the same stimulus durations were used in studies with humans and rats. Third, data from Experiment 2 showed good superposition when temporal generalization gradients from stimulus sets with the standard ranging from 2.0 to 8.0 s were plotted on the same relative scale. In fact, data from all the conditions in the present study, apart from the ignore and count groups in Experiment 3, which produced generalization gradients which were symmetrical in real time, superimposed well. Figure 4 shows data from seven experimental conditions plotted on the same relative scale (the VISLIN and VISLOG groups of Experiment 1, all four groups from Experiment 2, and the distract group of Experiment 3). The quality of superposition was about as good as that obtained in Wearden's (1992) temporal generalization study, which used tones about one-tenth the duration of the stimulus values used in the present study (e.g., Wearden, 1992, Figure 4, p. 139). Such superposition indicates conformity to Weber's law and scalar timing and emphasizes similarity of timing behavior in humans and rats, where good superposition is also found in temporal generalization (Church &
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Figure 4. Proportion of yes responses from all participant groups in Experiments 1 and 2 and the distract group of Experiment 3 plotted against stimulus duration expressed as a fraction of the standard duration. VISLIN = visual-linear spacing group; VISLOG = visual-logarithmic spacing group.



Gibbon, 1982). Fourth, data from Experiment 3 showed that chronometric counting made a significant difference to the shape of the temporal generalization gradient, which became nearly perfectly symmetrical when counting was required. How can the present results be treated theoretically, and how do they compare in theoretical terms with data from other studies with humans? Church and Gibbon (1982) proposed that the temporal generalization gradients produced by their rats arose from a comparison of a short-term memory representation of the duration just presented with a longerterm representation of the standard duration. If the duration just presented was close enough to the standard, the rat responded; otherwise, it did not. Specifically, Church and Gibbon proposed that rats respond when abs(s* — t)/s* < b*, where s* is a sample randomly drawn from the memory of the standard duration, represented as a Gaussian distribution with accurate mean, s, and some coefficient of variation, c. The duration just presented is /, assumed to be timed without variance, and b* is a random value drawn from a Gaussian distribution of a threshold with mean b and standard deviation, x, and abs indicates absolute difference. Both i* and b* vary from trial to trial, thus behavior can vary between trials even when the standard duration and the duration just presented remain constant. The above equation generates symmetrical generalization gradients, so to produce the usually asymmetrical generalization gradients found in studies with humans some modification of Church and Gibbon's model is necessary. Wearden (1992) proposed that humans identify a stimulus as the standard when abs(s* - t)/t < b*, where all terms are as in Church and Gibbon's original model. This modified Church and Gibbon model fitted asymmetrical generalization gradients well in Wearden (1992), Wearden and Towse (1994), and Wearden et al. (1997). The essential difference between the model for data from humans and that applied to rats is a slight difference in the decision process, as the absolute difference between the just-presented stimulus and the standard is expressed as a fraction of the just-presented duration, rather than as a fraction of the standard. The model has three parameters, c, the coefficient of variation of the memory representation of the standard, b, the threshold mean, and x, the standard deviation of the threshold. A focus of theoretical interest in temporal generalization experiments is whether the value of c remains constant as the standard duration changes. If it does so, the scalar property of variance manifested in data (e.g., in superposition, see Figures 2 and 4) is attributed mainly to scalar variance in memory. We embodied the modified Church and Gibbon (1982) model in a Turbo Pascal computer program, which produced 120 classifications of each stimulus duration. The two parameters c and b were varied over a wide range, but a, the threshold standard deviation, was kept constant at O.Sfc, as previous modeling has shown that the best fitting value was always close to this. Values were varied until the best fitting theoretical model, in terms of mean absolute deviation between data and modeled points, was found. Table 1 shows the parameter values obtained from fitting the model to all data sets reported above except those from the ignore and count groups of Experiment 3, which produced symmetrical
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Table 1 Parameter Values From Fits of the Modified Church and Gibbon (1982) Model to Data From Groups of Experiments 1, 2, and 3 and Values of Fits of the Model to Wearden (1992; AVE92) and Wearden and Towse (1994; AVE94) Variable



MAD



Experiment and group Experiment 1 VISLIN VISLOG Experiment 2 Group 2 s Group 4 s Group 6 s Group 8 s Experiment 3 Distract Wearden (1992) AVE92 Wearden & Towse (1994) AVE94
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Note. VISLIN = visual-linear spacing group; VISLOG = visuallogarithmic spacing group; c — coefficient of variation of memory of standard; b = threshold mean; x — threshold standard deviation; MAD = mean absolute deviation (sum of absolute differences between data and modeled proportions divided by 7). Dashes indicate that data for these variables are not available for the AVE94 group.



generalization gradients with linear stimulus spacing. Figure 5 shows some examples of the fits of the model (solid or broken lines) to data (open or filled circles) from four of the conditions modeled, the VISLOG group from Experiment 1 (upper panel), the 2- and 8-s groups from Experiment 2 (center panel) and the distract group of Experiment 3 (bottom panel), which used the same stimulus durations as the VISLIN group of Experiment 1. Inspection of the correspondence between the model's fit and data (Figure 5) suggests that it fitted data reasonably well in all cases, at least by conventional psychological standards. Modeled temporal generalization gradients were asymmetrical with linear stimulus spacing (center and bottom panels), and the asymmetry was preserved across changes in standard length (center panel), but was reduced by logarithmic stimulus spacing (upper panel). Mean absolute deviation values were generally about the same as in previous studies with shorter durations (Wearden, 1992), with most deviations usually arising from a single discrepant point that was not systematically the same point across conditions.



Figure 5. Proportion of yes responses obtained in data (filled or open circles) and values predicted by the best fitting modified Church and Gibbon (1982) model (solid or broken line) from some sample conditions. Upper panel: visual—logarithmic spacing group of Experiment 1; center panel: 2.0-s (open circles) and 8.0-s (filled circles) groups from Experiment 2; bottom panel: distract group from Experiment 3.
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Inspection of the parameter values from the fits of the model (Table 1) shows some unsystematic variation in c (the memory coefficient of variation) across conditions, but with b and x remaining more similar. Note, in particular, that the fourfold change of standard value in Experiment 2, from 2.0 to 8.0 s, left c virtually unchanged, a theoretical confirmation of the scalar property noted in the data. Also shown in Table 1 are averaged values from fits of the same model to data from Wearden (1992: AVE92) and Wearden and Towse (1994: AVE94). In the former case, averages of c, b, x, and average absolute difference are shown; in the latter case, only c values were available. The comparison of parameter values obtained in fits of the model to data from the current study with those obtained from fitting it to data from studies of tones about one-tenth the length, presented without concurrent distractors, suggests that whereas the threshold value was slightly higher with longer durations, the most marked effect was that the coefficient of variation of the memory of the standard in the present study (c) was markedly higher than previously obtained. Indeed, examination of individual c values from different conditions in Wearden (1992) and Wearden and Towse (1994) shows virtually no overlap. The range from Wearden (1992) was 0.16 to 0.20, the range from Wearden and Towse (1994) was 0.08 (which was an outlier) to 0.24, and 0.24 was the lowest value obtained when fitting data from the present study. Why were c values higher in the present work? One possibility is that the distractors themselves increased the variance of the memory representation of the standard, as participants were required to process them concurrently with the stimuli to be timed, and this may have made the memory representation more noisy than in conditions without distractors. This suggestion opens up the possibility that concurrent tasks might be used to manipulate the variance of the memory representation of important durations. Such a long-term memory is an important part of the mechanism of the scalar timing system and, indeed, variance in the long-term memory for time is considered to be the principal source of variance in many fits of the scalar model to data (e.g., Wearden, 1991b, 1992, 1995; Wearden & Ferrara, 1995, 1996). However, this critical variance cannot usually be manipulated, so models proposing multiple sources of variance, of which only one is in the memory, are often problematic to evaluate. Perhaps arranging concurrent tasks of varying difficulty may enable memory variance to be systematically manipulated in tasks like temporal generalization in humans. In conclusion, the ability to study human timing without chronometric counting contributes to a strengthening of the procedural analogy between experiments with humans and nonhumans by permitting some similar durations to be used in both cases (although whether normal humans would tolerate the long durations used in some experiments with rats and pigeons is questionable) and enables the development of human analogues of a wider range of timing procedures. The methods of interfering with counting may also provide techniques for manipulating hitherto inaccessible internal processes like reference memory variance.



Paradoxically, therefore, although the study of scalar timing in humans has its roots in animal behavior processes, some of these very processes may be more accessible in humans than in the rats and pigeons originally studied, and some difficult issues such as the contributions of different sources of variance to timed behavior may be addressable most directly in studies with humans.
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