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The current study explored the impact of stimuli exposure duration on holistic word processing measured by the complete composite paradigm (CPc paradigm). The participants were asked to match the cued target parts of two characters which were presented for either a long (600 ms) or a short duration (170 ms). They were also tested by two popular versions of the CPc paradigm: the “early-fixed” task where the attention cue was visible from the beginning of each trial at a fixed position, and the “delayed-random” task where the cue showed up after the study character at random locations. The holistic word effect, as indexed by the alignment × congruency interaction, was identified in both tasks and was unaffected by the stimuli duration in both tasks. Meanwhile, the “delayed-random” task did not bring about larger holistic word effect than the “early-fixed” task. These results suggest the exposure duration (from around 150 to 600 ms) has a limited impact on the holistic word effect, and have methodological implications for experiment designs in this field.
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INTRODUCTION

Research on word recognition has a century-long history (Cattell, 1886; Pillsbury, 1897), but consensus has not been reached on the basic question “if visual words are processed holistically” (Wong et al., 2012). Although accumulating evidence like the word superiority effect (Cattell, 1886; Reicher, 1969) and the cAsE altErNaTiOn effect (Allen et al., 1995) suggests that words are processed as a whole unit, there are still voices arguing for “part-based” recognition of visual words (Bouwhuis and Bouma, 1979; Farah, 1990; Pelli et al., 2003; Martelli et al., 2005; Wilson and Taylor, 2009).

In the last decade, some researchers investigated holistic word processing using a task called the “complete composite paradigm” (“CPc paradigm” hereafter, Gauthier and Bukach, 2007; Richler and Gauthier, 2013). In this task, holistic processing is defined as the obligatory attention to all parts of a stimulus despite instructions to focus only on one part (Wong et al., 2011). Participants are asked to match the target parts (e.g., the left halves) of two stimuli (e.g., words) while ignoring the irrelevant parts (Figure 1). In the congruent trials, both the target and irrelevant parts are identical, or both are different. In the incongruent trials, the two parts in one location are identical but those in the other location are different. In many studies a misalignment manipulation is also included: the target and irrelevant parts are either aligned or misaligned, and holistic processing could be indexed by an alignment × congruency interaction with smaller congruency effect in the misaligned trials (Cheung et al., 2008; Wong et al., 2009b; Richler and Gauthier, 2014). With its advantage in controlling response bias (Gauthier and Bukach, 2007; Richler and Gauthier, 2014), the CPc paradigm has been used to explore the involvement of holistic processing in a wide-range of categories (Gauthier et al., 1998, 2000; Gauthier and Curby, 2005; Wong et al., 2009a; Wong and Gauthier, 2010; Boggan et al., 2012).
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FIGURE 1. Trial types and sample Chinese characters in the complete composite task. The alignment (aligned, misaligned) × congruency (congruent, incongruent) × response (same, different) combination results into 8 trial types. Participants were asked to match the target parts (cued by the white bracket) of two sequential characters in each trial.



Using this paradigm, the researchers observed holistic processing in both English words (Wong et al., 2011) and Chinese characters (Leung, 2012; Wong et al., 2012). In the Chinese writing system, holistic effect could be observed when the study and test characters were presented sequentially, and when they were presented simultaneously. It could also be observed in both the left-right configured and top-bottom configured characters, irrespective of the character structure (Wong et al., 2012). These results have led to the proposal that holistic processing is a marker of expertise for both faces and non-face categories, including visual words (Wong et al., 2012).

The holistic word effect has been well-established by the CPc paradigm. As far as we know, most of previous studies focused on the role of reading experience (Hsiao and Cottrell, 2009; Wong et al., 2011, 2012; Leung, 2012; Zhong, 2012; Tso et al., 2014), and little is known about how it would be modulated by other factors. In the current study, we investigated how the holistic word effect measured by the CPc paradigm would be affected by stimuli exposure duration. This could help reveal the dynamics of holistic word processing. In a previous study on face recognition, Richler et al. parametrically varied the stimulus duration from 17 ms in the shortest presentation condition to 800 ms in the longest presentation condition. The holistic effect, as indexed by the congruency effect, was observed when faces were presented very briefly (for 50 ms). From 50 ms onwards it was neither affected by the duration of the study face, nor by the duration of test face (Richler et al., 2009b). That study made a systematic exploration of the relationship between the holistic effect and exposure duration. However, several issues are worth noting. First, Richler's study investigated the holistic face effect. Words and faces differ in multiple aspects, from their physical properties to their underlying cognitive and neural mechanisms (McKone et al., 2007; Kanwisher, 2010). Second, Richler et al. used a CPc task without the misalignment manipulation, but in studies on non-face categories misaligned trials are recommended (Richler and Gauthier, 2014) because the congruency effect with no alignment by congruency interaction could be brought about by strategies other than holistic processing (Wong and Gauthier, 2010; Richler and Gauthier, 2014). As a result, it is unknown if the above mentioned findings could be generalized to visual words.

From the methodological perspective, in previous studies when the duration of word composites was 400 ms (Wong et al., 2011) or longer (Hsiao and Cottrell, 2009; Zhong, 2012), the participants typically achieved very high performance levels. This might compromise the studies' validity by creating a ceiling effect. In later studies, certain methods were used to ensure the validity and power of experimental design. For example, Wong and colleagues introduced a response deadline (e.g., 700 ms for expert readers) such that participants responded with considerable time pressure and ceiling/floor effects could be eliminated (Wong et al., 2012). As an alternative, Hsiao and Cottrell (2009) chose to shorten the stimuli presentation (to 500 ms) and reduce the stimuli contrast level, they decreased expert readers' average discrimination sensitivity from 0.978 to 0.948 (p. 458). However, performance under the latter context still seemed high. So in the current study we also wanted to explore if the ceiling effect risk could be avoided by a much shorter duration, and how the holistic word effect would be affected as duration decreases.

To this end, we asked two groups of native Chinese college students to finish the complete composite task. In one group, the characters were presented for a long duration (600 ms) as in previous studies, and for the other group the characters were presented more briefly (170 ms). Moreover, we examined participants with two of the most-used versions of the CPc paradigm. In the CPc paradigm, a cue (e.g., a white bracket) is usually used to notify participants about which parts they are to compare, and two versions of CPc paradigms could be found according to how the cue has been manipulated. In one version, to ensure that the participants have the best knowledge of attention locus, the cue is presented early at the beginning of each trial, and is visible in both the study and test stimuli. It also remains at the same location across a block of trials (“the early-fixed method”). In the other one, the cue shows up only after the study stimulus has disappeared, and its location is randomized across trials (“the delayed-random method,” Wong et al., 2011, 2012). Testing the participants under these two CPc tasks could provide more information about the effect of duration on the holistic word effect, and be methodologically instrumental in helping researchers to decide the experimental design.

“EARLY-FIXED CUEING” TASK

In this task, we investigated the effect of exposure duration when participants were cued by the “early-fixed” method.

Participants and Ethics

Eighty-two native Chinese undergraduate or graduate students (31 males, mean age = 21.26 ± 2.02 years old) were paid for participation. All of them had normal or corrected-to-normal visual acuity, none of them had any history of brain injury. They were divided randomly into two groups, with 41 people each. The two groups were equal in gender distribution, χ2 = 0.47, p > 0.50, and age, t(80) = −1.60, p > 0.10. The study and test characters were presented for 600 ms in one group, and 170 ms in the other. The study was approved by the Ethics Committee of Southwest University in China. Informed consents were obtained in written form from all the participants.

Materials

Twenty-eight real Chinese characters of left-right configuration were used in this task (Appendix 1). Given that radicals play an important functional role in Chinese word recognition (Feldman and Siok, 1997; Perfetti et al., 2005), the 28 characters were carefully chosen so that they were made from 14 common left and 14 common right radicals with each radical used equally twice. This minimized the variance of the frequency with which the radicals showed up across experimental conditions, balanced the familiarity effect and minimized confounds from non-visual properties. The characters were all in SONG font against a gray background with a visual angle of 3.72° × 3.72°. In the aligned stimuli, the left and right halves in each character were separated by a center-interposed vertical line (3 pixels). The misaligned stimuli were made from the aligned characters by nudging the left/right radical downward by 50 pixels (See Figure 1 for sample characters and experimental conditions).

Experimental Procedure

The task consisted of four blocks with a total of 224 trials. There were 28 trials for each of the eight conditions (aligned/misaligned × congruent/incongruent × same/different response). The order of conditions was randomized in each block. At the beginning of each block, a white bracket showed up either in the left or right half of the screen to notify participants about which half they should compare. The cue was constantly at the same position for trials within each block, but followed a “left-right-right-left” order among blocks. Each trial began with a fixation cross for a random duration (1400 ms on average), then the study character (with the cue), a mask (150 ms), the cue bracket again (350 ms) and finally the test character (with the cue). All the characters were presented at the center of the screen. To make the task challenging (Wong et al., 2012), the participants were required to make responses within 1500 ms after the onset of the test character. The 1500 ms response limit was decided based on our pilot study. They could have a break after a block, and proceed to the next block whenever they were ready (see Figure 2).


[image: image]

FIGURE 2. Trial sequence in the “early-fixed cueing” task.



The participants were seated in a quiet room about 80 cm from the monitor. A practice session with at least 16 trials was used before the formal test. Participants could not proceed to the formal test until they achieved at least 85% accuracy in practice. In the complete composite paradigm, theoretically the participants can get an overall accuracy of 75% even when they do not follow the “part-part matching” instruction but use a different strategy like “whole-whole matching”. In light of this, we chose a threshold higher than 75% to ensure that participants understood the task. Characters used during practice were not used in the formal test.

Data Analysis

Participants were discarded if they demonstrated an obvious response bias or extreme response speed. The detailed criteria for participant exclusion were as follow: (1) The overall accuracy for one type of response (e.g., the “same” trials) was higher than 0.75 but that for another response (e.g., the “different”) was lower than 0.25, (2) the average reaction time was shorter than 300 ms in any of the 2 (Cue: early, delayed) × 2 (alignment: aligned, misaligned) × 2 (Congruency: congruent, incongruent) combinations. For the remaining participants, trials that met any of the following criteria were discarded: (1) no response, (2) reaction time less than 200 ms or more than 1500 ms or beyond three standardized variations away from the individual mean. These criteria were decided based on results in previous publications (Hsiao and Cottrell, 2009; Wong et al., 2011) as well as our preliminary tests. None of the participants were discarded in the two tasks. For the remaining participants, 2.69% of the trials were discarded in the 600-ms task and 2.81% were discarded in the 170-ms task.

Discrimination index and reaction time were estimated individually for each of the alignment by congruency combinations, and then submitted to group analysis. The discrimination index was calculated by the following formula (Stanislaw and Todorov, 1999): [image: image], where the H and F indicated hit rate and false alarm rate, respectively. The index A' has been suggested to be more robust than d' to the influence of response bias (Verde et al., 2006; Richler et al., 2008).

A 2 (duration: long, short) × 2 (alignment: aligned, misaligned) × 2 (congruency: congruent, incongruent) repeated measurements ANOVA was first conducted to explore the effect of duration on holistic effect. Given that the alignment × congruency interaction implies holistic processing in non-face categories, we were especially interested in if the three-way interaction was significant. We also reported the results of two-way repeated measurements ANOVAs to reveal the detailed response profile under each duration, in hope to enrich the information of this article. These statistics can provide data sources for future meta-analysis in this field (Richler and Gauthier, 2014).

Results

The 3-way ANOVA on discrimination sensitivity (Figure 3) revealed a significant main effect of congruency, F(1, 80) = 8.83, p < 0.001, [image: image] 0.1, a marginally significant interaction between alignment and congruency, F(1, 80) = 3.06, p = 0.08, [image: image] 0.04, but no main effect of alignment, F(1, 80) = 0.98, p > 0.30. There was no main effect of exposure duration, F(1, 80) = 1.13, p > 0.30, no duration by alignment interaction, F(1, 80) = 0.13, p = 0.72, no duration by congruency either, F(1, 80) = 0.91, p > 0.30. Importantly, we did not find a three-way interaction among these factors either, F(1, 80) = 1.58, p > 0.20.
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FIGURE 3. Discrimination sensitivity in the “early-fixed cueing” task when the duration of character presentation was 170 ms (left panel) and 600 ms (right panel). Error bars represent 1 SEM.



The three-way ANOVA on reaction time revealed a significant main effect of congruency, F(1, 80) = 31.63, p < 0.001, [image: image] 0.28, main effect of alignment, F(1, 80) = 13.87, p < 0.001, [image: image] 0.15. Generally, reaction time was longer in the incongruent trials and the aligned trials. Meanwhile, there was a significant alignment × congruency interaction, F(1, 80) = 8.96, p < 0.01, [image: image] 0.10, and a marginally significant interaction between exposure duration and alignment, F(1, 80) = 3.22, p < 0.08, [image: image] = 0.04. The reaction time was significantly shorter in the congruent trials than the incongruent trials when characters were aligned (p < 0.001, Tukey HSD corrected, “Tukey HSD” hereafter), but did not differ when they were misaligned (p > 0.10, Tukey HSD). However, there was no three-way interaction among duration, alignment and congruency, F(1, 80) = 0.39, p > 0.50, [image: image] < 0.005, nor a main effect of duration, F(1, 80) = 0.84, p > 0.30, nor a duration × congruency interaction, F(1, 80) = 0.22, p > 0.60 (Figure 4).
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FIGURE 4. Reaction time in the “early-fixed cueing” task when character presentation was 170 ms (left panel) and 600 ms (right panel). Error bars represent 1 SEM.



600 ms

First, we conducted 2 (alignment) × 2 (congruency) repeated-measurement ANOVAs to characterize the response profile under the 600-ms word presentation. Analysis of discrimination sensitivity did not reveal significant main effect of alignment, F(1, 40) = 0.68, p = 0.41, nor a main effect of congruency, F(1, 40) = 2.21, p = 0.14, nor an alignment × congruency interaction, F(1, 40) = 0.10, p = 0.75, [image: image] = 0.005 (Figure 3). On reaction time there was a significant main effect of alignment, F(1, 40) = 12.96, p < 0.001, [image: image] = 0.24, a main effect of congruency, F(1, 40) = 13.32, p < 0.001, [image: image] = 0.25, and an alignment × congruency interaction, F(1, 40) = 6.80, p = 0.01, [image: image] 0.15 (Figure 4).

170 ms

Analysis of discrimination sensitivity in the 170-ms task revealed no main effect of alignment, F(1, 40) = 0.44, p = 0.51, but a significant main effect of congruency, F(1, 40) = 6.36, p < 0.02, [image: image] = 0.15, and an alignment × congruency interaction, F(1, 40) = 6.37, p < 0.02, [image: image] = 0.15. When characters were aligned, the discrimination sensitivity in congruent trials was higher than that in incongruent trials (p < 0.001, Tukey-HSD corrected, Tukey, 1949), but when characters were misaligned there was no congruency effect (p > 0.4, Tukey-HSD corrected; Figure 3). As for reaction time, there was a significant main effect of congruency, F(1, 40) = 18.51, p < 0.001, [image: image] = 0.32, reaction time was shorter in the congruent trials than in the incongruent trials, but there was no main effect of alignment, F(1, 40) = 2.25, p > 0.10, or an alignment × congruency interaction, F(1, 40) = 2.71, p > 0.10, [image: image] = 0.063 (Figure 4).

Discussion

In studies on non-face categories with the CPc paradigm, a significant alignment × congruency interaction with a larger congruency effect in the aligned trials, is usually used as a mark of holistic processing (Bukach et al., 2006; Richler and Gauthier, 2014). We observed such an interaction under both durations in the “early-fixed” CPc paradigm, which suggested the involvement of holistic processing in visual word recognition. This is consistent with previous results in Leung (2012) and Wong et al. (2011, 2012), and in line with the findings which suggest the influence of “the whole” on recognizing “the part” in Chinese character recognition (Wang et al., 2003; Luo et al., 2010). Although the alignment × congruency interaction under two durations was obtained on different dependent variables—discrimination sensitivity under 170 ms and reaction time under 600 ms, we did not find a significant impact of stimuli exposure duration. Neither in discrimination sensitivity nor reaction time did we find a significant three-way interaction involving exposure duration, even when we used a very short duration of 170-ms. This meant the holistic word processing observed in the shorter duration was comparable to that in 600 ms. The results were in line with Richler et al. (2009a) where no change in holistic face processing was observed when the stimulus duration varied from 50 to 800 ms.

THE “DELAYED-RANDOM CUEING” TASK

In this section, we were to investigate if the abovementioned results could be replicated in the “delayed-random” task—another frequently-used version of the CPc paradigm. This informed us if the duration effect varied with experimental contexts.

Participants and Ethics

The same 82 participants in the “early-fixed” task participated in the current task. The participants who received the 170-ms “early-fixed” task were tested with the 170-ms “delayed-random” task, and those who received the 600-ms “early-fixed” task were tested with the 600-ms “delayed-random” task.

Materials

To avoid the repetition effect of the stimuli, we used another set of 28 Chinese characters for the current task (Appendix 2). Like in the “early-fixed” task, these characters were also of left-right configuration, and made from 14 common left radicals and 14 common right radicals with each radical used equally twice. They were comparable to the characters in the “early-fixed” task in terms of frequency, t(54) = 0.12, p = 0.90 (Institute of Language Teaching and Research, 1986). Aligned and misaligned characters were made in the same way as in the “early-fixed” task.

Procedure

The “delayed-random” task also consisted of four blocks, each block consisted of 56 trials. Each trial contained the following events sequentially, a fixation with random duration (1400 ms on average), a study character (with the cue), a mask (150 ms), a cue bracket (350 ms), and a test character (with the cue). The participants were required to make response within 1500 ms after the study character presentation. However, in this task the cue did not show up at the beginning of each block, it showed up only after the study character disappeared. Meanwhile, the cue position was randomized across trials, just as in the study by Wong et al. (2012). A practice session with at least 16 trials was also used prior to the formal test, and participants could not proceed to the formal test until they achieved at least 85% accuracy in practice. Characters used during practice were not used in the formal tests.

Data Analysis

The criteria for participant exclusion and trial exclusion were the same as in the “early-fixed” task. One participant was discarded because he did not finish the task, this left 81 participants for group analysis (31 males). For the remaining participants, 4.68% of the trials were discarded in the 600-ms task (41 participants), and 5.98% of the trials were discarded in the 170-ms task (40 participants).

Results

Three-Way ANOVA

The 2 × 2 × 2 ANOVA on discrimination sensitivity (Figure 5) identified significantly higher discrimination sensitivity in the 600-ms task than in the 170-ms task, F(1, 79) = 9.07, p < 0.01, [image: image] = 0.10, and higher sensitivity in the congruent than incongruent trials, F(1, 79) = 23.15, p < 0.001, [image: image] = 0.22. The exposure duration interacted with congruency, F(1, 79) = 4.13, p < 0.05, [image: image] = 0.05, but it did not interact with alignment, F(1, 79) = 1.40, p > 0.20, [image: image] = 0.02. Simple-effect analysis revealed the overall congruency effect was robust when characters were presented for 170 ms (p < 0.001, Tukey HSD), and marginally significant when the duration was 600 ms (p = 0.052, Tukey HSD). Importantly, there was no three-way interaction among duration, alignment and congruency, F(1, 79) = 1.33, p > 0.20.


[image: image]

FIGURE 5. Discrimination sensitivity in the “delayed-random cueing” task when character presentation was 170 ms (left panel) and 600 ms (right panel). Error bars represent 1 SEM.



As for reaction time (Figure 6), there was a significant main effect of congruency, participants generally responded faster in the congruent trials, F(1, 79) = 66.34, p < 0.001, [image: image] = 0.46, there was a marginally significant main effect of alignment, F(1, 79) = 3.87, p = 0.052, [image: image] = 0.05. However, there was no main effect of exposure duration, F(1, 79) = 0.06, p > 0.80, [image: image] < 0.001. The exposure duration did not interact with alignment, F(1, 79) = 0.23, p > 0.60, or congruency, F(1, 79) = 0.77, p > 0.30, nor there was three-way interaction among duration, alignment and congruency, F(1, 79) = 0.03, p > 0.80, [image: image] < 0.001.


[image: image]

FIGURE 6. Reaction time in the “delayed-random cueing” task when character presentation was 170 ms (left panel) and 600 ms (right panel). Error bars represent 1 SEM.



600 ms

Analysis of the discrimination sensitivity revealed a significant main effect of congruency, F(1, 40) = 31.57, p < 0.001, [image: image] = 0.44, a main effect of alignment, F(1, 40) = 4.45, p = 0.04, [image: image] = 0.10, and a marginally significant interaction between alignment and congruency, F(1, 40) = 3.32, P = 0.07, [image: image] = 0.08. The overall discrimination sensitivity was higher in the congruent trials than in the incongruent trials. The congruency effect was significant both when the characters were aligned, p < 0.001, and when they were misaligned, p < 0.01, but much larger in the aligned trials. The alignment effect was significant when the trials were incongruent, p < 0.01 (Tukey-HSD), but not when they were congruent, p > 0.82 (Tukey-HSD). For reaction time, there was a robust congruency effect, F(1, 40) = 35.06, p < 0.001, [image: image] = 0.47, but no main effect of alignment, F(1, 40) = 1.11, p > 0.30, nor alignment × congruency interaction, F(1, 40) = 0.82, p > 0.30, [image: image] 0.02.

170 ms

The overall discrimination sensitivity was higher in the congruent trials than in the incongruent trials, F(1, 39) = 12.19, p = 0.001, [image: image] = 0.23, but there was no main effect of alignment, F(1, 39) = 0.15, p > 0.70, or alignment × congruency interaction, F(1, 39) = 0.04, p > 0.80, [image: image] = 0.001. Analysis on reaction time identified faster response in the congruent trials than the incongruent trials, F(1, 39) = 32.33, p < 0.0001, [image: image] = 0.45, but there was no main effect of alignment, F(1, 39) = 2.99, p > 0.09, nor alignment by congruency interaction, F(1, 39) = 0.59, p > 0.40, [image: image] = 0.015.

Discussion

When the stimuli were presented for 600 ms, there was a significant alignment by congruency interaction in discrimination sensitivity. This is consistent with the findings by Wong et al. (2012), especially their first experiment where the left-right characters were also used and presented sequentially. The alignment × congruency interaction was comparable between our “delayed-random” task and Wong et al.'s (2012), both in terms of the significance level (p = 0.07 in our study, and p = 0.067 in experiment 1 of Wong et al. (2012) and effect size ([image: image]: 0.08 vs. 0.104). This meant that, like in the “early-fixed” task, we could also observe holistic effect in the “delayed-random” task. Although we did not observe the alignment × congruency interaction when the characters were presented for 170 ms, statistically we did not observe a noticeable role of exposure duration on holistic word effect, as indicated by the non-significant three-way interaction when the exposure duration was involved. This means that though shortening the stimuli exposure would lead to larger general congruency effect, it does not necessarily change holistic word effect. The non-significant three-way interaction was consistent with the results in the “early-fixed” task, and provided converging evidence that the exposure duration brought about little change in the holistic word effect.

COMBINED ANALYSIS OF DATA IN TWO TASKS

Finally, we combined data in the “early-fixed” and “delayed-random” tasks to explore if cueing method interacted with exposure duration to modulate the holistic word effect. Four-way repeated measurements ANOVA of discrimination sensitivity revealed higher overall discrimination sensitivity in the 600-ms duration than in the 170-ms duration, F(1, 79) = 6.15, p < 0.02, [image: image] = 0.07, and higher discrimination sensitivity in the congruent trials than in the incongruent trials, F(1, 79) = 28.68, p < 0.001, [image: image] = 0.27. Moreover, there was a robust main effect of cueing method, F(1, 79) = 75.17, p < 0.001, [image: image] = 0.49, discrimination sensitivity was higher in the “early-fixed” cueing task than in the “delayed-random” task. The cueing method interacted significantly with duration, F(1, 79) = 11.64, p < 0.002, [image: image] = 0.13, and congruency, F(1, 79) = 17.46, p < 0.001, [image: image] = 0.18. The duration effect and the congruency effect were both larger in the “delayed-random” task than in the “early-fixed” task. Importantly, several findings about the alignment × congruency interaction were worth noting. First, the overall alignment × congruency interaction was significant, the congruency effect was larger in the aligned trials than in the misaligned trials, F(1, 79) = 4.02, p < 0.05, [image: image] = 0.05. Second, there was no cue × alignment × congruency interaction, F(1, 79) = 0.43, p > 0.50, nor duration × alignment × congruency interaction, F(1, 79) = 0.65, p > 0.40. Third, the four-way interaction among these factors was not significant, F(1, 79) = 2.36, p > 0.10, [image: image] = 0.029.

As for reaction time, four-way repeated measurements ANOVA revealed main effects of cueing method, F(1, 79) = 92.41, p < 0.001, [image: image] = 0.54, alignment, F(1, 79) = 13.00, p < 0.001, [image: image] = 0.14, and congruency, F(1, 79) = 88.72, p < 0.001, [image: image] = 0.53, but not duration, F(1, 79) = 0.14, p > 0.70, [image: image] = 0.002. Reaction time was shorter in the “early-fixed” cueing task, in aligned trials, and in congruent trials. Cueing method interacted significantly with congruency, F(1, 79) = 20.85, p < 0.001, [image: image] = 0.21, and marginally significantly with duration, F(1, 79) = 20.85, p < 0.001, [image: image] = 0.21. Meanwhile, the overall alignment × congruency interaction was significant, with larger congruency effect in the aligned trials than in the misaligned trials, F(1, 79) = 7.87, p < 0.006, [image: image] = 0.09. Second, there was no cue × alignment × congruency interaction, F(1, 79) = 0.58, p > 0.40, nor duration × alignment × congruency interaction, F(1, 79) = 0.08, p > 0.70. Third, the four-way interaction among these factors was not significant, F(1, 79) = 0.25, p > 0.60, [image: image] = 0.003. These accumulative evidence suggests that the holistic word effect was not modulated significantly by cueing method or duration.

GENERAL DISCUSSION

In the current study, we investigated holistic word processing by the complete composite paradigm, which defined the holistic effect as the obligatory attention to all parts of the object despite participants being asked to focus only on one part (Gauthier and Bukach, 2007; Wong et al., 2012). We explored if and how the holistic word effect would vary as a function of stimuli exposure duration, under two versions of the complete composite paradigm (the CPc paradigm): the “early-fixed” task where the cue showed up early in each trial at a fixed location, and the “delayed-random” task where the cue showed up only after the study character at randomized locations. We observed holistic word processing in both tasks. This is inconsistent with the argument that visual words are processed in a piecemeal manner (Farah, 1990; Wilson and Taylor, 2009), but in line with the claim that visual words are processed holistically (Allen et al., 1995; Luo et al., 2010; Wong et al., 2012), and consistent with previous findings that holistic processing, at least when it was measured by the CPc paradigm, could be observed in non-face categories (Wong and Gauthier, 2010; Richler and Gauthier, 2013).

The current study, which explored the association between the holistic word effect and stimuli exposure duration, helped characterize the dynamics of holistic word processing. An important finding in this study was that variation in the exposure duration did not bring about significant change in holistic word effect, at least when the stimuli was presented in the range of around 200 to 600 ms. The holistic word effect under the 170-ms duration was not different from that under the 600-ms duration. The non-significance of exposure duration was observed in the “early-fixed” task where the attentional locus was notified early and clearly, and in the “delayed-random” task where the task was more challenging. This means that expert readers could grasp global information within a fairly short interval. Meanwhile, it echoes the findings of Richler et al. (2009b) where no duration effect was observed on holistic face processing. The absence of duration effect in these two categories suggests that the holistic processing in visual words and faces may share some common principles (Cao et al., 2014a,b).

Some word recognition models assume that words are initially formed from component letters (McClelland, 1976; Adams, 1979). According to these models, it may take time for holistic word representation to manifest. But recent progress suggests that the “whole representation” of visual words could be achieved very early. For example, studies using the electroencephalogram technique find that the N170 (“recognition potential” in some articles, Zhang et al., 2009), a component of the event-related potential (ERP) which shows increased negativity 130–200 ms after stimulus onset, repesents a logographic processing strategy in visual word recognition (Simon et al., 2007; Cao and Zhang, 2011). In Chinese linguistic system, the N170 shows face-like inversion effect (Wang et al., 2011), and fast adaptation (Cao et al., 2014b) for printed Chinese characters. A recent ERP study suggests that holistic word representation may occur much earlier. Chen et al. (2013) asked participants to compare the top parts of two sequential Chinese characters in the CPc task. They found that when the two top parts were identical, the P1-an ERP component starting about 80 ms after word presentation-showed a larger amplitude when the top targets were accompanied by two different bottom halves. This effect was observed only when the top and bottom halves were aligned but not when misaligned. These collective results suggest that visual words could be represented holistically at a perceptual level.

The results in our study also have methodological implications. Holistic processing is a central concept for understanding object recognition (Richler et al., 2012; Rossion, 2013; Richler and Gauthier, 2014; Watson and Robbins, 2014), and the two versions of CPc paradigm has been frequently used as its measurements it in the literature. Our study observed lower discrimination sensitivity and larger overall congruency effect in the “delayed-random” task than in the “early-fixed” task. Crucially, we observed reliable alignment by congruency interaction in the “early-fixed” tasks, but in the “delayed-random” tasks the interaction was not as reliable. Since the alignment × congruency interaction is a better marker of holistic processing in non-face categories (Richler et al., 2009a; Wong et al., 2009b; Richler and Gauthier, 2014), our results suggest that at least in visual word recognition, the “early-fixed” version of the CPc paradigm is not inferior to the “delayed-random” version in terms of the sensitivity to observe holistic effect. Given the “early-fixed” task involves less attentional switching and its procedure is easy to explain, it could be a better choice when we are to carry out the CPc tasks on special participants like children, old people or those who are illiterate.

These results are also informative for designing experiments with the composite task. In psychological studies, researchers usually shorten the exposure duration to alleviate the ceiling effect (Rothschild et al., 1990; Tanaka et al., 2012). In our study, even when the duration was as brief as 170 ms, the participants (expert Chinese readers) still achieved a very high level of discrimination sensitivity. The average discrimination index was 0.984 in the 170 ms-“early-fixed” task, and 0.929 in the 170 ms-”delayed-random” task. Meanwhile, we did not observe a significant decrease in the holistic word effect when the duration was shortened. This suggests that when investigating holistic word effect using the CPc paradigm, probably it is not an optimal choice to merely shorten the stimuli exposure duration when a ceiling effect is imminent. This was not at odds with those in Wong et al. (2012) and Hsiao and Cottrell (2009), but instead reflected the necessity to combine other strategies, such as to use a challenging response deadline and stimuli contrast level as they did in their studies. In Wong's study (Wong et al., 2012) when expert Chinese readers were required to respond within 700 ms, the average discrimination sensitivity (A') decreased to around 0.90.

Finally, it is worth noting that the current study used only two levels of exposure duration, it did not use a much shorter presentation such as 17 or 50 ms in Richler's study, nor a much longer duration such as 1200 ms in Hole (1994). Therefore, it is unknown if our results characterize holistic word processing under these extreme durations. Meanwhile, during the past decades a variety of paradigms have been developed to explore holistic processing and each paradigm holds its own interpretation about the term “holistic processing,” currently there is still a lack of consensus on the theoretical constructs of “holistic processing” (Piepers and Robbins, 2012; Richler et al., 2012; Watson and Robbins, 2014). In the current study we investigated holistic word processing using the CPc paradigm. We respect the merits of other representative paradigms such as the part-whole task (Tanaka and Farah, 1993) and the inversion task (Yin, 1969) in exploring the whole-part relationship in face and object recognition. The readers should be aware that findings here perhaps could not be generalized to other paradigms. Further studies could be conducted to explore the holistic word effect with those paradigms, which can provide multifaceted information and contribute to universal models of object processing.

AUTHOR CONTRIBUTIONS

CC, HL, and JC designed this study. CC, NA, and SS collected data. CC, NA, HL, and JC analyzed data and wrote manuscript. CC, NA, SS, HL, and JC made revisions and approved the submission.

ACKNOWLEDGMENTS

We would like to thank the editor and the reviewers for their constructive suggestions, and Muntazir Mehdi for proofreading the manuscripts. This study was supported by two funds from the National Natural Science Foundation of China (NSFC31271088, NSFC31300866), as well as an open Research Fund of the State Key Laboratory of Cognitive Neuroscience and Learning (CNLYB1318).

REFERENCES

 Adams, M. J. (1979). Models of word recognition. Cogn. Psychol. 11, 133–176. doi: 10.1016/0010-0285(79)90008-2

 Allen, P. A., Wallace, B., and Weber, T. A. (1995). Influence of case type, word frequency, and exposure duration on visual word recognition. J. Exp. Psychol. Hum. Percept. Perform. 21, 914–934. doi: 10.1037/0096-1523.21.4.914

 Boggan, A. L., Bartlett, J. C., and Krawczyk, D. C. (2012). Chess masters show a hallmark of face processing with chess. J. Exp. Psychol. Gen. 141, 37–42. doi: 10.1037/a0024236

 Bouwhuis, D., and Bouma, H. (1979). Visual word recognition of three-letter words as derived from the recognition of the constituent letters. Percept. Psychophys. 25, 12–22. doi: 10.3758/BF03206104

 Bukach, C. M., Gauthier, I., and Tarr, M. J. (2006). Beyond faces and modularity: the power of an expertise framework. Trends Cogn. Sci. 10, 159–166. doi: 10.1016/j.tics.2006.02.004

 Cao, X., Jiang, B., Gaspar, C., and Li, C. (2014a). The overlap of neural selectivity between faces and words: evidences from the N170 adaptation effect. Exp. Brain Res. 232, 3015–3021. doi: 10.1007/s00221-014-3986-x

 Cao, X., Jiang, B., Li, C., and He, Z. Q. (2014b). Rapid adaptation effect of N170 for printed words. Percept. Mot. Skills 119, 191–202. doi: 10.2466/24.22.PMS.119c15z6

 Cao, X., and Zhang, H. (2011). Change in subtle N170 specialization in response to Chinese characters and pseudocharacters. Percept. Mot. Skills 113, 365–376. doi: 10.2466/04.22.24.28.PMS.113.5.365-376

 Cattell, J. M. (1886). The time taken up by cerebral operations. Mind 11, 220–242. doi: 10.1093/mind/os-XI.42.220

 Chen, H., Bukach, C. M., and Wong, A. C. (2013). Early electrophysiological basis of experience-associated holistic processing of Chinese characters. PLoS ONE 8:e61221. doi: 10.1371/journal.pone.0061221

 Cheung, O. S., Richler, J. J., Palmeri, T. J., and Gauthier, I. (2008). Revisiting the role of spatial frequencies in the holistic processing of faces. J. Exp. Psychol. Hum. Percept. Perform. 34, 1327–1336. doi: 10.1037/a0011752

 Farah, M. J. (1990). Visual Agnosia. Cambridge, MA: MIT Press.

 Feldman, L. B., and Siok, W. W. (1997). The role of component function in visual recognition of Chinese characters. J. Exp. Psychol. Learn. Mem. Cogn. 23:776. doi: 10.1037/0278-7393.23.3.776

 Gauthier, I., and Bukach, C. (2007). Should we reject the expertise hypothesis? Cognition 103, 322–330. doi: 10.1016/j.cognition.2006.05.003

 Gauthier, I., and Curby, K. M. (2005). A perceptual traffic jam on highway N170 interference between face and car expertise. Curr. Dir. Psychol. Sci. 14, 30–33. doi: 10.1111/j.0963-7214.2005.00329.x

 Gauthier, I., Skudlarski, P., Gore, J. C., and Anderson, A. W. (2000). Expertise for cars and birds recruits brain areas involved in face recognition. Nat. Neurosci. 3, 191–197. doi: 10.1038/72140

 Gauthier, I., Williams, P., Tarr, M. J., and Tanaka, J. (1998). Training ‘greeble’ experts: a framework for studying expert object recognition processes. Vision Res. 38, 2401–2428. doi: 10.1016/S0042-6989(97)00442-2

 Hole, G. J. (1994). Configurations! Factors in the perception of unfamiliar faces. Perception 23, 65–74. doi: 10.1068/p230065

 Hsiao, J. H., and Cottrell, G. W. (2009). Not all visual expertise is holistic, but it may be leftist the case of chinese character recognition. Psychol. Sci. 20, 455–463. doi: 10.1111/j.1467-9280.2009.02315.x

 Institute of Language Teaching Research (1986). Xiandai Hanyu Pinlv Cidian [Modern Chinese Frequency Dictionary]. Beijing: Beijing Language Institute Press.

 Kanwisher, N. (2010). Functional specificity in the human brain: a window into the functional architecture of the mind. Proc. Natl. Acad. Sci. U.S.A. 107, 11163–11170. doi: 10.1073/pnas.1005062107

 Leung, S. Y. M. (2012). The Relationship between Level of Expertise and Holistic Processing in Chinese Character Recognition. Master's thesis, University of Richmond, Richmond, VA.

 Luo, Y.-L., Wang, P., Li, X.-J., Shi, Y.-Q., Chen, M., Wang, P.-P., et al. (2010). The effect of character's whole recognition on the processing of components in the processes of Chinese characters. Acta Psychol. Sin. 42, 683–694. doi: 10.3724/SP.J.1041.2010.00683

 Martelli, M., Majaj, N. J., and Pelli, D. G. (2005). Are faces processed like words? A diagnostic test for recognition by parts. J. Vis. 5:6. doi: 10.1167/5.1.6

 McClelland, J. L. (1976). Preliminary letter identification in the perception of words and non-words. J. Exp. Psychol. Hum. Percept. Perform. 2, 80–91. doi: 10.1037/0096-1523.2.1.80

 McKone, E., Kanwisher, N., and Duchaine, B. C. (2007). Can generic expertise explain special processing for faces? Trends Cogn. Sci. (Regul. Ed). 11, 8–15. doi: 10.1016/j.tics.2006.11.002

 Pelli, D. G., Farell, B., and Moore, D. C. (2003). The remarkable inefficiency of word recognition. Nature 423, 752–756. doi: 10.1038/nature01516

 Perfetti, C. A., Liu, Y., and Tan, L. H. (2005). The lexical constituency model: some implications of research on Chinese for general theories of reading. Psychol. Rev. 112, 43. doi: 10.1037/0033-295X.112.1.43

 Piepers, D. W., and Robbins, R. A. (2012). A review and clarification of the terms “holistic,” “configural,” and “relational” in the Face Perception Literature. Front. Psychol. 3:559. doi: 10.3389/fpsyg.2012.00559

 Pillsbury, W. B. (1897). A study in apperception. Am. J. Psychol. 8, 315–393. doi: 10.2307/1411485

 Reicher, G. M. (1969). Perceptual recognition as a function of meaningfulness of stimulus material. J. Exp. Psychol. 81, 275–280. doi: 10.1037/h0027768

 Richler, J. J., and Gauthier, I. (2013). When intuition fails to align with data: a reply to Rossion (2013). Vis. Cogn. 21, 254–276. doi: 10.1080/13506285.2013.796035

 Richler, J. J., and Gauthier, I. (2014). A meta-analysis and review of holistic face processing. Psychol. Bull. 140, 1281–1302. doi: 10.1037/a0037004

 Richler, J. J., Cheung, O. S., Wong, A. C., and Gauthier, I. (2009b). Does response interference contribute to face composite effects? Psychon. Bull. Rev. 16, 258–263. doi: 10.3758/PBR.16.2.258

 Richler, J. J., Gauthier, I., Wenger, M. J., and Palmeri, T. J. (2008). Holistic processing of faces: perceptual and decisional components. J. Exp. Psychol. Learn. Mem. Cogn. 34, 328–342. doi: 10.1037/0278-7393.34.2.328

 Richler, J. J., Mack, M. L., Gauthier, I., and Palmeri, T. J. (2009a). Holistic processing of faces happens at a glance. Vision Res. 49, 2856–2861. doi: 10.1016/j.visres.2009.08.025

 Richler, J. J., Palmeri, T. J., and Gauthier, I. (2012). Meanings, mechanisms, and measures of holistic processing. Front. Psychol. 3:553. doi: 10.3389/fpsyg.2012.00553

 Rossion, B. (2013). The composite face illusion: a whole window into our understanding of holistic face perception. Vis. Cogn. 21, 139–253. doi: 10.1080/13506285.2013.772929

 Rothschild, M. L., Qualheim, L., Deith, B., and Hyun, Y. J. (1990). “Constructing a more difficult recognition test for television commercial scenes advances,” in Consumer Research, eds M. E. Goldberg, G. Gorn, and R. W. Pollay (Provo: Association for Consumer Research), 785–791.

 Simon, G., Petit, L., Bernard, C., and Rebaï, M. (2007). N170 ERPs could represent a logographic processing strategy in visual word recognition. Behav. Brain Funct. 3, 1–11. doi: 10.1186/1744-9081-3-21

 Stanislaw, H., and Todorov, N. (1999). Calculation of signal detection theory measures. Behav. Res. Methods Instrum. Comput. 31, 137–149. doi: 10.3758/BF03207704

 Tanaka, J. W., and Farah, M. J. (1993). Parts and wholes in face recognition. Q. J. Exp. Psychol. 46, 225–245. doi: 10.1080/14640749308401045

 Tanaka, J. W., Kaiser, M. D., Butler, S., and Le Grand, R. (2012). Mixed emotions: holistic and analytic perception of facial expressions. Cogn. Emot. 26, 961–977. doi: 10.1080/02699931.2011.630933

 Tso, R. V., Au, T. K., and Hsiao, J. H. (2014). Perceptual expertise: can sensorimotor experience change holistic processing and left-side bias?. Psychol. Sci. 25, 1757–1767. doi: 10.1177/0956797614541284

 Tukey, J. W. (1949). Comparing individual means in the analysis of variance. Biometrics 5, 99–114. doi: 10.2307/3001913

 Verde, M. F., Macmillan, N. A., and Rotello, C. M. (2006). Measures of sensitivity based on a single hit rate and false alarm rate: the accuracy, precision, and robustness of d', Az, and A'. Percept. Psychophys. 68, 643–654. doi: 10.3758/BF03208765

 Wang, H. P., Zhang, J. J., and Zhang, H. C. (2003). Effects of the whole Chinese character and the frequencies of the strokes. Acta Psychol. Sin. 35, 17–22. Available online at: http://www.fed.cuhk.edu.hk/en/aps/200300350001/0017.htm

 Wang, M.-Y., Kuo, B.-C., and Cheng, S.-K. (2011). Chinese characters elicit face-like N170 inversion effects. Brain Cogn. 77, 419–431. doi: 10.1016/j.bandc.2011.08.016

 Watson, T. L., and Robbins, R. A. (2014). The nature of holistic processing in face and object recognition: current opinions. Front. Psychol. 5:3. doi: 10.3389/fpsyg.2014.00003

 Wilson, K. D., and Taylor, J. M. (2009). Letters, not words, are processed holistically. Perception 38, 1572. doi: 10.1068/p6514

 Wong, A. C., Bukach, C. M., Hsiao, J., Greenspon, E., Ahern, E., Duan, Y., et al. (2012). Holistic processing as a hallmark of perceptual expertise for nonface categories including Chinese characters. J. Vis. 12:7. doi: 10.1167/12.13.7

 Wong, A. C., Bukach, C. M., Yuen, C., Yang, L., Leung, S., and Greenspon, E. (2011). Holistic processing of words modulated by reading experience. PLoS ONE 6:e20753. doi: 10.1371/journal.pone.0020753

 Wong, A. C., Palmeri, T. J., and Gauthier, I. (2009b). Conditions for facelike expertise with objects becoming a Ziggerin expert—but which type? Psychol. Sci. 20, 1108–1117. doi: 10.1111/j.1467-9280.2009.02430.x

 Wong, A. C., Palmeri, T. J., Rogers, B. P., Gore, J. C., and Gauthier, I. (2009a). Beyond shape: how you learn about objects affects how they are represented in visual cortex. PLoS ONE 4:e8405. doi: 10.1371/journal.pone.0008405

 Wong, Y. K., and Gauthier, I. (2010). Holistic processing of musical notation: dissociating failures of selective attention in experts and novices. Cogn. Affect. Behav. Neurosci. 10, 541–551. doi: 10.3758/CABN.10.4.541

 Yin, R. K. (1969). Looking at upside-down faces. J. Exp. Psychol. 81, 141. doi: 10.1037/h0027474

 Zhang, Y., Qiu, J., Huang, H., Zhang, Q., and Bao, B. (2009). Chinese character recognition in mirror reading: evidence from event-related potential. Int. J. Psychol. 44, 360–368. doi: 10.1080/00207590802500190

 Zhong, P. (2012). The Development of Visual Perception Expertise in Children: Evdience from Face and Chinese Characters. Master's thesis, Zhejiang Normal University, Jinhua.

APPENDIX 1: CHARACTERS USED IN THE “EARLY-FIXED” TASK

[image: image]

APPENDIX 2: CHARACTERS USED IN THE “DELAYED-RANDOM” TASK

[image: image]

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Chen, Abbasi, Song, Chen and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_35.gif





OPS/images/inline_34.gif





OPS/images/inline_37.gif





OPS/images/inline_36.gif





OPS/images/inline_31.gif





OPS/images/inline_30.gif





OPS/images/inline_33.gif





OPS/images/inline_32.gif





OPS/images/cover.jpg
, frontiers
in Psychology

The Limited Impact of
Exposure Duration on Holistic
Word Processing







OPS/images/inline_29.gif






OPS/images/inline_28.gif






OPS/images/inline_3.gif





OPS/images/logo.jpg
, frontiers
in Psychology





OPS/images/inline_25.gif





OPS/images/inline_24.gif





OPS/images/inline_27.gif





OPS/images/inline_26.gif





OPS/images/inline_21.gif





OPS/images/inline_23.gif





OPS/images/inline_22.gif





OPS/images/inline_19.gif





OPS/images/inline_18.gif





OPS/images/inline_20.gif





OPS/images/inline_2.gif





OPS/images/inline_5.gif





OPS/images/inline_49.gif





OPS/images/inline_15.gif





OPS/images/fpsyg-07-00646-i002.gif
g R R R R





OPS/images/inline_14.gif





OPS/images/fpsyg-07-00646-i001.gif
o R R R e





OPS/images/inline_17.gif





OPS/images/inline_16.gif





OPS/images/inline_7.gif





OPS/images/inline_6.gif





OPS/images/inline_13.gif





OPS/images/inline_9.gif





OPS/images/inline_12.gif





OPS/images/inline_8.gif





OPS/images/inline_48.gif





OPS/images/crossmark.jpg
®

o fark





OPS/images/fpsyg-07-00646-g005.gif
170 ms

y

600 ms

r—1

Atgament
3





OPS/images/fpsyg-07-00646-g006.gif
1oms

p

600 ms
o -
|
<o
o)
Avgament

-





OPS/images/fpsyg-07-00646-g003.gif
170 s 600 ms

osal assl et

] ]





OPS/images/inline_4.gif





OPS/images/fpsyg-07-00646-g004.gif
1

170ms

3

sl

Atgament
]





OPS/images/inline_11.gif





OPS/images/inline_1.gif
(H-FY+|H-F|

=05+ sign(i - Fy LT 2L
Amax(H, F)-4HF





OPS/images/inline_10.gif





OPS/images/inline_45.gif





OPS/images/inline_44.gif





OPS/images/inline_47.gif





OPS/images/inline_46.gif





OPS/images/fpsyg-07-00646-g001.gif
alignment | response | incongruent congrwnt

e e
e
el | BE |

v, |
o B B






OPS/images/inline_41.gif





OPS/images/fpsyg-07-00646-g002.gif





OPS/images/inline_40.gif





OPS/images/inline_43.gif





OPS/images/inline_42.gif





OPS/images/inline_39.gif





OPS/images/inline_38.gif





