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Abstract Three experiments investigated the inXuence of unambiguous (UA) context tones on the perception of octave-ambiguous (OA) tones. In Experiment 1, pairs of OA tones spanning a tritone interval were preceded by pairs of UA tones instantiating a rising or falling interval between the same pitch classes. Despite the inherent ambiguity of OA tritone pairs, most participants showed little or no priming when judging the OA tritone as rising or falling. In Experiments 2 and 3, participants compared the pitch heights of single OA and UA tones representing either the same pitch class or being a tritone apart. These judgments were strongly inXuenced by the pitch range of the UA tones, but only slightly by the spectral center of the OA tones. Thus, the perceived pitch height of single OA tones is context sensitive, but the perceived relative pitch height of two OA tones, as described in previous research on the “tritone paradox,” is largely invariant in UA tone contexts.



Introduction The phenomenon of multistable perception has long fascinated researchers in vision, as it can reveal endogenous determinants of perception, brain dynamics, and even neural correlates of consciousness (for reviews, see Blake & Logothetis, 2002; Leopold & Logothetis, 1999; Sterzer, Kleinschmidt, & Rees 2009). Paradigms such as ambiguous Wgures (e.g., face/vase, Necker cube) and binocular rivalry B. H. Repp (&) Haskins Laboratories, 300 George Street, New Haven, CT 06511-6624, USA e-mail: [email protected] J. M. Thompson Yale University, New Haven, CT, USA



are familiar and widely used. Research on multistable auditory perception is much less developed because of a relative paucity of appropriate paradigms, but underlying principles may be similar in audition and vision (Pressnitzer & Hupé, 2006). One paradigm that deserves attention in that regard is the perception of octave-ambiguous tones, an invention of the 1960s. To demonstrate that the psychological dimensions of pitch quality (chroma) and pitch height can be dissociated, Shepard (1964) ingeniously created tones that are composed of a series of partials spaced an octave apart, with the amplitude of the partials being governed by a Wxed spectral envelope. These tones, which have a deWnite chroma but are ambiguous with regard to the octave their dominant pitch resides in, are now known as octave-ambiguous (OA) or Shepard tones. Figure 1 gives an illustration of the slightly modiWed OA tones used by Deutsch (1987, 1991) and in many subsequent studies, including the present investigation. They consist of six partials whose amplitudes are governed by a cosine-shaped amplitude envelope over a logarithmic frequency axis. The Wgure shows the partials of two tones, representing the musical pitch classes D# and A, under each of two envelopes, one centered on 262 Hz (C4) and the other centered on 370 Hz (F#4). The frequencies of the partials determine the perceived chroma or pitch class, whereas the envelope aVects the perceived timbre (brightness) of these organ-like sounds. The envelope peak (or weighted mean log frequency) represents the spectral center of the tones. Tones with an envelope centered on F#4 can be said to be six semitones (st) higher than tones with an envelope centered on C4. A set of OA tones with the same envelope, which typically includes 12 tones representing the 12 musical pitch classes, has a circular structure because all tones are in theory equally high and diVer only in chroma. In the Shepard
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Fig. 1 Spectral structure of octave-ambiguous tones D# and A with amplitude envelopes centered on C4 (262 Hz, a) and on F#4 (370 Hz, b)



scale illusion, a continuous series of OA tones with the same envelope but with frequencies of partials increasing in steps of 1 st is heard by many listeners as endlessly increasing in pitch, even though the same 12 tones are repeated over and over by going around the pitch class circle. Two successive OA tones with the same envelope are generally heard as a rising interval when the pitch class of the second tone is UA), whereas C#-G3 (or C#-G4) should be judged as clearly rising (OA < UA). The transition then would occur around E3 (or E4) on the UA pitch continuum. That point might also mark the peak of the internal spectral weighting function hypothesized by Terhardt et al. (1986), because according to our interpretation of that theory the subjectively highest OA tone would be the one that has its strongest partial about 3 st above the peak frequency of the weighting function (if the SHPC depended only on internal spectral weighting). If these predictions are correct, the individual SHPCs estimated by the transition points should agree with those found for the same participants in Experiment 1A. We also investigated the potential inXuence of UA pitch range and OA spectral envelope on the hypothesized transition point. If the perception of the dominant pitch of OA tones is based on a stable internal weighting function that reXects past auditory experience (e.g., with speech; Deutsch, 1991; Terhardt, 1991), it should not matter whether the tones are being compared more often to high than to low UA tones or the reverse; the transition point on the UA pitch continuum should stay in the same place. However, if perception of the dominant pitch of OA tones is context sensitive (as Experiment 2B indicated, although these results were not yet known when Experiment 3 was conducted), the transition point might shift with the range of comparison tones. Similarly, if the dominant pitch is independent of the spectral envelope of OA tones, at least for spectral envelopes whose peaks diVer by only 6 st, then the transition point should be the same for both envelopes. By contrast, if envelope has a strong eVect on the SHPC, as in Repp’s (1994, 1997) studies, the transition point should be 6 st higher for the tones having the higher envelope. Finally, we also varied the order of the UA and OA tones within a tritone pair. We thought it possible that UA tones would aVect perception of OA tones more when they precede them than when they follow them. If the UA tone comes Wrst, it can inXuence perception of the OA tone at every stage of the process. If the UA tone comes second, it can aVect perception of the OA tone only retroactively, after a dominant pitch percept has already been formed for the OA tone and stored in memory. Methods Participants The participants were the same as in Experiment 1A. Several months elapsed between the experiments, during



which the participants were occupied with other experiments not involving OA tones. Materials Two sets of OA tones were used whose spectral envelopes were centered on C4 and on F#4, respectively, as in Experiments 1B and 2B. The UA tones here comprised 30 diVerent tones ranging from E2 to A4 (MIDI pitches 40–69; 82– 440 Hz). They were divided into two overlapping sets of 24 tones each, one ranging from E2 to D#4 (“low range”), and the other one ranging from A#3 to A4 (“high range”), representing an upward frequency shift of 6 st. Each UA tone in each pitch range was paired with an OA tone whose pitch class diVered by 6 st. (Thus, each OA tone was paired with two UA tones, an octave apart, in each pitch range condition.) The factorial combination of two sets of UA tones (low or high range), two sets of OA tones (C4 or F#4 envelope), and two orders of the tones within a pair (UA–OA or OA–UA) resulted in 8 sets of 24 tritone pairs each. Procedure Each participant completed 3 blocks of 24 randomly ordered trials for each of the eight conditions before going onto the next condition (24 blocks total). The order of conditions was approximately counterbalanced across the 11 participants according to a 2 £ 2 £ 2 Latin square, with three orders occurring twice. Range of UA tones varied most slowly (Wrst vs. second half of the session), and order of UA and OA tones varied most rapidly (alternating from one condition to the next). Participants sat in front of a computer monitor that displayed a “start block” button, three response buttons, and a “next trial” button. Each trial started with an onset delay of 1 s after the “start block” or “next trial” button was clicked. Each tone sounded for 500 ms, with an inter-onset interval of 1 s between the two tones. Participants selected one of three answer choices, “rising,” “falling,” or “not sure,” before clicking the “next trial” button. After each block of 24 trials, there was a brief pause during which the data were saved and the next block was selected. Results Participants had little diYculty judging the relative pitch height of UA and OA tones in mixed tritone pairs. The total percentage of “not sure” responses was 9.6%. As in Experiment 1, we counted each of these responses as half a “rising” or “falling” response. To be able to compare the results for the two order conditions, we analyzed “OA < UA” responses (“rising” for OA–UA and “falling” for UA–OA).
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With regard to the eVect of the pitch range of the UA tones, we considered several possible ways of analyzing the data. One was to focus on the mixed tritone pairs that were shared between the two UA ranges and to ignore responses to pairs that occurred in only one of the ranges. The results of that analysis were very similar to those obtained from an alternative analysis that we will describe instead. In that analysis, we considered the responses to all tritone pairs and estimated the transition point (deWned as the point at which cumulative “OA < UA” responses as a function of increasing UA pitch reach 50%) for each of the eight conditions and each participant as follows: Wrst we computed the proportion of “OA < UA” responses for each tritone pair across the three blocks of trials; then we summed these proportions across the 12 tritone pairs and subtracted the sum from the highest MIDI pitch number in the range of UA tones; Wnally, we added 0.5 to the result because, if exactly half of all responses were “OA < UA,” the transition point should be halfway between the 12th and 13th MIDI pitch in the UA range of 24 pitches. This method yields a transition point estimate regardless of how the responses are distributed or whether they ever reach 50%. The mean transition point estimates for the eight conditions are shown in Fig. 8. They fall between MIDI pitch numbers 55 and 62 (G3-D4, 196–294 Hz), consistent with Experiment 2. A 2 £ 2 £ 2 repeated measures ANOVA revealed three signiWcant eVects. First, there was a strong main eVect of UA pitch range, F(1, 10) = 91.52, P < 0.001, due to higher transition points in the high-range condition than in the low-range condition; the mean diVerence was 3.7 st. The diVerence indicates that OA tones were perceived as relatively higher when they occurred in the context of a higher range of UA pitches (i.e., an assimilative context eVect, as in Experiment 2B). The second signiWcant eVect was a main eVect of envelope, F(1, 10) = 12.94, P = 0.005: OA tones with the F#4 envelope were heard as relatively higher than those with the C4 envelope; however, the eVect was small, a mean diVerence of 1.3 st, again similar to Experiment 2B. Finally, there was an interaction of order and envelope that just barely reached signiWcance, F(1, 10) = 5.02, P = 0.049: the eVect of envelope was slightly larger when the OA tones occurred second in the tritone pairs than when they occurred Wrst. Figure 8 also suggests that OA tones tended to be heard as higher when they occurred Wrst than when they occurred second in a tritone pair (a mean diVerence of 1.6 st), but the main eVect of order did not reach signiWcance, F(1, 10) = 3.21, P = 0.103, due to large individual diVerences. A third way of analyzing the data would have been to Wt sigmoid curves to the individual cumulative response functions in each condition and estimate the individual 50% crossovers. However, for some participants the response percentages stayed below 50% in the low-range condition.
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Fig. 8 Experiment 3: mean transition points between “OA > UA” and “OA < UA” responses on the UA pitch continuum in eight conditions, with standard error bars



Also, the individual response functions were rather noisy due to the small amount of data in each condition, and sometimes they were non-monotonic. Nevertheless, they revealed some interesting individual diVerences. In Fig. 9 we have plotted two response functions for each individual participant. They are for the two range conditions, with the responses pooled across envelope and order conditions. Instead of curve Wtting, the functions were smoothed with a 3-point window. Their literal 50% crossovers are indicated, with the closest UA pitch number shown next to each (see also Table 1, last two columns). First, it can be seen that all participants showed UA range eVects, though of varying magnitude. Curiously, the two participants showing the largest (assimilative) range eVects were the ones who had shown contrastive context eVects in Experiment 1A (Ce, Pi3). Other participants’ range eVects show no obvious relation to priming eVects in Experiment 1A. Next, we note the remarkably similar results of the four participants in the lower right-hand part of Fig. 9 (Cl1, Cl2, Ha, and Cl3). These same individuals had shown very similar results in Experiment 1A as well. Their present results indicate that they perceived the OA tones as rather high. (There had been no indication of this in Experiment 2A, however.) Their 50% crossovers were outside the low UA range, near MIDI pitches 64 and 65 (E4 and F4, 330– 349 Hz). This agrees quite well with these participants’ SHPCs in Experiment 1A, which were G or G# (see Fig. 3; Table 1), 2–3 st above the crossover, as predicted. The remaining six participants generally had monotonic response functions with 50% crossovers ranging from as low as 51 (D#3, 156 Hz) to as high as 64 (E4, 330 Hz). Some of the crossovers agree roughly with the Experiment
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Fig. 9 Experiment 3: individual percentages of “OA < UA” responses as a function of increasing UA pitch (labels and arrangement as in Figs. 3, 5). Individual response functions have been smoothed and averaged across envelope and order conditions. Gray lines indicate 50% crossovers of functions; numbers are the corresponding UA pitches (rounded to the nearest semitone)
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1A data, but most do not (see Table 1). In general, the presence of range eVects (as well as of envelope and order eVects) in the present data makes it diYcult to establish clear relationships with the data of Experiment 1A. Discussion In this experiment we used a novel “mixed tritone pairs” paradigm to assess perception of the dominant pitch of OA tones. Participants clearly were able to judge the relative pitch height of OA and UA tones when their pitch classes were a tritone apart, which validates the concept of a dominant virtual pitch for OA tones. We examined the eVects of three independent variables: the pitch range of the UA tones, the spectral envelope of the OA tones, and the order of the two types of tone within the tritone pairs. Pitch range had the clearest eVect: participants
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perceived the same OA tones as higher when they occurred in the broader experimental context (half a session) of a high range of UA tones than when they occurred in the context of a low range of UA tones. However, the diVerence between the high and low UA ranges was 6 st, whereas the average eVect on OA tone perception was only 3.7 st. Thus, UA tone range did not completely determine the perceived pitch height of OA tones, consistent with the results of Experiment 2B. It should be noted that the range eVect could have been due to the timbre (spectral content) as well as, or even instead of, the pitch (fundamental frequency) of the UA tones because the frequency content of unWltered harmonic complex tones necessarily gets higher as the fundamental frequency increases. For example, the higher spectral center of gravity of high-range UA tones may have raised participants’ internal spectral weighting function for OA tones.
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The spectral envelope of the OA tones also had a reliable eVect: OA tones with an envelope centered on F#4 were perceived as higher than OA tones with an envelope centered on C4. The eVect was only 1.3 st, however, whereas the envelope was shifted by 6 st. Clearly, it is not the case that the dominant pitch of OA tones is determined by the spectral envelope, and in that respect the present results are consistent with those of Terhardt et al. (1986) as well as with various studies of the tritone paradox that have found little or no eVect of diVerent spectral envelopes on judgments of OA tritone pairs (Dawe et al., 1998; Deutsch, 1987, 1991; Deutsch et al., 1987; Giangrande, 1998). The order of the OA and UA tones within a pair did not have a reliable eVect, due to large individual diVerences. However, spectral envelope had a greater eVect when the OA tone occurred second than when it occurred Wrst in a pair. This is diYcult to explain because the envelope is a property of the OA tone alone, and it is unclear how a preceding UA tone might have increased the envelope eVect. Perhaps having to remember the dominant pitch of the OA tone when it occurred Wrst enabled participants to achieve a better separation of pitch and timbre.



General discussion Research on the tritone paradox has given rise to the concept of a subjectively highest pitch class (SHPC) among the 12 pitch classes represented by a set of OA tones with the same spectral envelope. The concept is based on the Wnding that most participants judge some OA tones to be higher than others from the same envelope set when they are presented as tritone pairs. The SHPC is an abstraction; it is the weighted center of the six adjacent pitch classes that tend to be judged as higher than the other six. The SHPC diVers among individuals but is generally considered stable for each individual and almost independent of the spectral envelope of the OA tones (Deutsch, 1987). If one OA tone is judged as higher than another OA tone whose pitch class diVers by 6 st, this seems to imply that the dominant pitch of the Wrst tone is higher than that of the second tone, at least at the time the judgment is made. According to Terhardt (1991; Terhardt et al., 1986), the relative salience of an OA tone’s candidate virtual pitches is determined by a perceptual weighting scheme that favors frequencies near 300 Hz. Individuals may diVer in the precise location of the peak of the weighting function, but for each individual the location of the peak, which determines the SHPC, is assumed to be determined by past auditory experience and therefore presumably stable. In the present study, we were concerned mainly with these stability assumptions. Both individual OA tones and
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tritone pairs of OA tones are perceptually multistable: individual tones, in that they can be perceived as having their dominant pitch (“fundamental frequency”) in two or three diVerent octaves, and tritone pairs, in that they can be perceived as rising or falling in pitch, or even as rising and falling at the same time. In Experiment 1, we attempted to bias relative pitch judgments of pairs of OA tones by preceding them with a pair of UA tones that clearly instantiated a rising or falling tritone interval. About half of the participants proved to be immune to such priming. Of the other half, some showed positive priming, others showed negative priming. Thus, some individuals’ perception of relative pitch height in OA tritone pairs is not stable and can be inXuenced by UA context. The SHPC, however, changed little in all cases. This suggests that contextual inXuences, when they did occur, indeed took place at the level of relative pitch judgment, not at the level of absolute (dominant) pitch perception because changes at that level would entail changes in the SHPC. In Experiment 2A we asked participants to match individual OA tones to UA tones, in order to Wnd out what the dominant pitch of the OA tones might be. The general response distribution showed a peak around 260 Hz, which is roughly consistent with the Wndings of Terhardt et al. (1986). Our response distribution was narrower than theirs, however, which we attribute to our use of complex harmonic tones as UA comparison stimuli and to the narrower spectral envelope of our OA tones. The OA tones judged to be highest in pitch were close to the mean SHPC in Experiment 1. However, there was not much diVerentiation among OA tones and little agreement at the individual level between the results of Experiments 1A and 2A. Thus, the matching task does not seem well suited to assessing SHPCs. This impression was reinforced by Experiments 2B and 3, both of which demonstrated strong contextual inXuences of UA tones on the judged dominant pitch of OA tones. The higher the pitch of UA comparison tones, the higher the OA tones were judged to be. This Wnding indicates that the hypothetical spectral weighting function that governs the perceived dominant pitch of OA tones is Xexible and context dependent. Changes in the weighting function imply a change in SHPC. Thus, to assess SHPCs, OA–UA matching or comparison paradigms are not suitable alternatives to the standard tritone paradox paradigm in which only OA tones occur. Whether the SHPC in the standard paradigm depends on perceived pitch height at all remains uncertain. It is possible that the SHPC is an emergent property of a self-organizing perceptual process within a closed set of OA tones (cf. Giangrande et al., 2002) and has nothing to do with the judgment of single OA tones in relation to UA tones. Although the experiential determinants of the SHPC hypothesized by Deutsch (1991) are essentially the ones that Terhardt (1991) hypothesized to underlie the internal
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spectral weighting function (i.e., exposure to speech), the apparent stability of the SHPC (Experiment 1 and previous tritone paradox research) contrasts with the apparent malleability of the internal weighting function (Experiments 2B and 3). This malleability may come about through automatic inclusion of all tones heard, whether UA or OA, in a process of perceptual calibration. Experiments 2B and 3 also investigated the role of the spectral envelope of OA tones by contrasting tones with envelopes centered on pitches 6 st apart. In both experiments, envelope had a signiWcant but small eVect on judged pitch height relative to UA tones. Thus, tones with a spectral content of higher frequencies were perceived as slightly higher in pitch, which is consistent with interactions between timbre and pitch perception found in other paradigms, though mainly in non-musicians (Krumhansl & Iversen 1992; Pitt, 1994; Preisler, 1993; Seither-Preisler et al., 2007). The relatively small size of the envelope eVect is consistent with Wndings of similarly small or nonexistent envelope eVects in the tritone paradox by Deutsch (1987) and others, and in a pure-tone matching task by Terhardt et al. (1986). It appears that the judged pitch height of OA tones indeed depends more on (context dependent) internal spectral weighting than on the physical structure of the tones, although it remains to be seen whether that is still true when envelope diVerences much larger than 6 st are introduced. This study was not intended as an investigation of the experiential determinants of the individual SHPC, which Deutsch (1991) famously hypothesized to be linguistic in nature—a hypothesis much in need of further supportive data. Our data contribute little to this issue save for a suggestion that experience with musical instruments may matter, too: four players of wind instruments and a harpist showed strikingly similar results, in both Experiments 1A and 3. Perhaps the SHPC and the internal spectral weighting function are reXections of the total auditory history of individuals, which has shaped their auditory systems in the course of many years. This hypothesis gains plausibility from recent Wndings of neural plasticity at even very early levels of auditory processing (e.g., Kraus & Banai, 2007; Luo et al., 2008). Acknowledgments Research supported by National Science Foundation Grant BCS-0642506 to BHR. Coauthor JMT was involved in this research as a volunteer research assistant during her senior year in Yale College. She helped design the experiments, performed data analyses, and wrote a report that was the germ of this article.
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