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Procedural Effects on Performance on the Hick Paradigm: Bias in Reaction Time and Movement Time Parameters KEITH F. WIDAMAN JERRY S. CARLSON



University of California at Riverside



This study investigated the effects that procedural variations may have on reaction time (RT) and movement time (MT) parameters from the Hick paradigm. Each of the 122 subjects was assigned to one of six experimental conditions. The six conditions represented the factorial crossing of two effects: (a) order of administration of bit conditions (ascending, random, and reversed), and (b) grouping of response alternatives (grouped and spread). The results revealed significant linear effects of order, and therefore of practice, on the slope relating both RT and MT to bits of information; corresponding effects on RT and MT intercept were in the predicted direction, but were nonsignificant. Visual attention effects were not found on any of the parameters; however, the difference in the slope relating MT to bits of information between grouped and spread response alternatives was interpreted as a response bias effect. Correlations between RT and MT slope parameters and Scholastic Aptitude Test scores supported the hypothesis that correlations between intelligence and RT and MT slope parameters derived from the Hick paradigm are a function of individual differences in practice effects, rather than individual differences in basic speed of information processing. Implications for research on the Hick paradigm are discussed.



D u r i n g the p a s t 9 y e a r s , J e n s e n and his c o l l e a g u e s ( J e n s e n , 1980, 1982, 1987; J e n s e n & M u n r o , 1979; J e n s e n , S c h a e f e r , & Crinella, 1981; J e n s e n & V e r n o n , 1986) h a v e c o n d u c t e d a series o f i n v e s t i g a t i o n s o f the relationship b e t w e e n c h o i c e r e a c t i o n t i m e and intelligence. In these studies, p a r a m e t e r s o f c h o i c e r e a c t i o n t i m e w e r e o b t a i n e d u s i n g a task that has c o m e to be called the Hick p a r a d i g m . T h e H i c k p a r a d i g m is b a s e d on r e s e a r c h by Hick (1952), w h o f o u n d
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that reaction time is a linear function of the number of bits of information represented by the set of alternatives in a choice reaction time task. Jensen and his colleagues have used an apparatus that allows the separation of total response time into two components, reaction time (RT, which is positively and linearly related to bits of information) and movement time (MT, which is unrelated to bits of information). Based on research by Roth (1964), Jensen (e.g., 1980, 1982) reasoned that individual differences in the slope of the function relating RT to bits of information may be inversely related to intelligence. If this prediction were to be confirmed, the demonstrated relationship between the two measures might have important implications for intelligence testing and theorizing, as the choice reaction time task has minimal cognitive content and no obvious cultural content. In a recent and far-reaching critique of Jensen's reaction time studies, Longstreth (1984) noted what he considered to be three principal weaknesses of the apparatus and procedures used in Jensen's studies employing the Hick paradigm. The three perceived weaknesses were the potential presence of order effects, visual attention effects, and response bias effects. In the present paper, we will first discuss several issues surrounding the weaknesses identified by Longstreth (1984), as well as procedural variations that may enable crucial tests of the presence of each type of effect. Then, supplementing the conjectures of Longstreth (1984, 1986), Jensen and Vernon (1986), and, more recently, Larson and Saccuzzo (1986), we will describe the results of our study, which provide empirical data regarding the presence or absence of order, visual attention, and response bias effects. P R A C T I C E , OR ORDER, EFFECTS As noted by Longstreth (1984), virtually all studies conducted by Jensen and his colleagues utilized a fixed order of administration of choice RT/MT trials, beginning with 15 trials in the 0-bit condition, followed in order by a comparable number of trials in the 1-bit, 2-bit, and 3-bit conditions. In terms of the apparatus used, these four bit conditions correspond to conditions in which the subject must monitor the onset of one of one, two, four, or eight lights, respectively. Longstreth (1984) correctly noted that, given a fixed order of administration of conditions, practice and bit condition would be highly positively correlated. That is, all subjects in a study would have the least amount of practice when responding in the 0-bit condition, the next least amount of practice in the 1-bit condition, and so on. Since the general effect of practice on RT tasks is a lowering of the RT, that is, a speeding up of the response (Welford, 1986), a negative bias in the estimate of the slope relating RT to bits of information should result. The potential influence of practice on choice RT performance using the Hick paradigm is depicted in Figure 1A with hypothetical data that are consistent with established findings from studies of RT (Welford, 1980). In Figure IA, the top



PROCEDURAL EFFECTS ON HICK PERFORMANCE A



65



B



• STANDARD • REVERSED o RANDOM



j)l



• STANDARD • REVERSED o RANDOM



/,~ / 7 Ld I-I'Z ILl



Z 0



UJ > O



I 0



I I



I 2



B IT S



I 3



I 0



I I



I 2



L 3



BITS



FIG. 1. Hypotheticaleffects of orderof administration, and thereforeof practice, on performanceon the Hick paradigm: (A) the relationof RT to bits of information, and (B) the relation of MT to bits of information. dashed line represents RT performance under the least amount of practice, the bottom dashed line represents performance under the greatest amount of practice, and two additional intermediate levels of practice are shown. Under the standard ascending order of administration of conditions used by Jensen and his colleagues (the filled circles in Figure IA), there is a positive correlation between practice on the task and bits of information. That is, performance in the 0-bit condition occurs under the least amount of practice, performance in the l-bit condition occurs under somewhat more practice, and so forth. Hence, the ascending order should lead to a relatively shallow slope relating RT to bits of information. As shown in Figure tA, the RT slope using the ascending order is much different from the RT slope obtainable under each of the four levels of practice, and underestimates the RT slope that would be obtained if practice were equalized at each level of bits. Longstreth (1984), after noting the potential effects of practice on RT parameters from the Hick paradigm, proceeded to investigate the presence of practice effects using only a random order of presentation of trials at different levels of bits of information. Longstreth showed that there was a significant lowering of RT from the first three trials to the last three trials at each level of bits of information. However, three aspects of Longstreth's demonstration of practice effects reduce the value of the empirical data presented. First, as Jensen and Vernon (1986) observed, the apparatus used by Longstreth is not a minor variation on that used in Jensen's studies on the Hick paradigm; rather, it is a substantially different apparatus. Although the difference in apparatus may at first seem inconsequential, it is quite possible that the difference in the spatial
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array of the stimuli may make very different demands on subjects' spatial or attentional abilities, leading to different, noncomparable effects of practice (Larson & Saccuzzo, 1986). Second, the Longstreth apparatus did not allow the separation of RT from MT, measuring only the conglomerate " R T + M T " value. Thus, the results showing practice effects that Longstreth obtained using his apparatus and the conglomerate " R T + M T " may have little or no bearing on estimates of the effects of practice on the separate RT and MT parameters obtainable from the Jensen apparatus. Third, and perhaps most important, Longstreth (1984) criticized the data collection design typically used by Jensen because practice could bias RT slope estimates. In the typical study by Jensen, bit conditions are administered in the ascending order, so practice represents a between-condition effect. However, the empirical practice effects reported by Longstreth were within-condition effects. Furthermore, because the results reported by Longstreth were based on a study in which bit condition was a between-subjects variable, it is impossible to determine the effects of practice on RT slope for individual subjects, a point that represented the core of Longstreth's criticism of Jensen's use of a standard, ascending order of administration of bit conditions. Jensen and Vernon (1986) responded to Longstreth's criticism regarding practice effects by presenting several sets of data from studies of practice effects, all gathered using the standard, ascending order of administration of bit conditions. First, Jensen and Vernon provided data similar to that presented by Longstreth, comparing the RT intercept and slope based on the first three trials versus comparable estimates from the last three trials within each bit condition. Second, they discussed the results of a study in which subjects received 30 trials, rather than 15, in each bit condition. Third, Jensen and Vernon cited results from three unpublished studies of practice across 2 or more days of performance on the Hick apparatus. The general conclusion reached by Jensen and Vernon was that there was very little evidence of within-condition practice effects on RT or MT parameters. They argued that, if there is little evidence of practice effects within bit conditions, it is unlikely that between-condition practice effects are large. However, a more direct and potentially more powerful way of investigating practice, or order, effects on the Hick paradigm is to compare the effects of different orders of administration of bit conditions on RT and MT parameters. In contrast to the standard, ascending order, one alternative order of administration is a random presentation of trials such that an equal number of trials at each level of bits is administered at each level of practice. The relationship between RT and bits under random presentation of trials is signified with the unfilled circles in Figure 1A, showing that the slope estimate under the random order is an unbiased average of the slopes obtained at each level of practice. The RT slope estimate under the random order is unbiased because the amount and, therefore, the effects of practice are equalized at each level of bits of information. In a recent study, Larson and Saccuzzo (1986) compared Hick performance under the
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ascending and random orders of administration and found no evidence of practice effects on reaction time parameters. However, the apparatus used by Larson and Saccuzzo was a broad variation on the apparatus used by Jensen and his associated, and the numbers of subjects in the random order sequences (which ranged from 1 to 5 subjects per condition) were probably too small to ensure sufficient power when testing differences between conditions. A second alternative to the ascending order is a reversed order of presentation of bit conditions. Under the reversed order, the 3-bit condition is administered first, followed in order by the 2-bit, 1-bit, and 0-bit conditions. This is represented by the filled squares in Figure 1A. Under the reversed order, there is a strong negative correlation between practice on the task and bits of information. As a result, the reversed order should lead to a biased overestimation of the slope relating reaction time and bits. That is, the RT slope obtained using the reversed order of administration should be decidedly steeper than the RT slopes at any of the four levels of practice. If alternative orders of administration of bit conditions have the effects on RT slope portrayed in Figure 1A, then previous interpretations of RT and MT slope estimates and their correlates would need to be reconsidered. In addition to the effects of practice on RT slope estimates, Figure 1A also depicts the potential effects of practice on estimates of the RT intercept, effects not considered in previous discussions of parameters from the Hick paradigm. Thus, the ascending order of administration may lead to positive bias in the estimation of the RT intercept, while leading to negative bias in estimation of the RT slope; and the reversed order might lead to negative bias in estimation of the RT intercept and positive bias in estimation of the RT slope. In contrast to the preceding two conditions, the random order of presentation should lead to unbiased estimation of both the RT intercept and RT slope, unbiased as the estimates represent the average of corresponding estimates at each level of practice. In Figure 1B, similar potential effects of practice on the MT intercept and MT slope are presented. In Figure IB, the dashed lines have a zero slope, because MT is presumed to have no relationship to bits of information. However, practice could well lead to a lowering of MT across the 60 trials typically used by Jensen and his associates. If this occurred, there should be a positive bias in estimation of the MT intercept and negative bias in estimation of the MT slope under the ascending order of administration of conditions, and negative bias in estimation of MT intercept and positive bias in estimation of MT slope under the reversed order of administration. As with the estimation of RT parameters, the random order of administration of bit conditions should lead to unbiased estimation for both the MT intercept and MT slope. The importance of investigating potential practice effects on Hick paradigm performance is this: Jensen (e.g., 1982) interpreted the slope of RT as representing one or two processes: (a) the processing, or resolution, of bits of information, and (b) the programming of the appropriate motor response. In the absence of
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practice effects on the task, correlations between RT slope and measures of general intelligence may be interpreted as reflecting the influence of general intelligence on even rather simple types of cognitive operation--such as bit resolution or motor programming--that underlie speeded behavior. Of course, the correlation between RT slope and intelligence need not implicate the direct influence of intelligence on speed of executing simple cognitive processes, or performance components (Sternberg, 1985), but may reflect the influence of higher-order cognitive skills on choice RT performance. Recently, Marr and Sternberg (1987) argued that individual differences in higher-order, or metacomponential, processes may account for the correlation between RT slope and intelligence. However, although practice effects have not yet been unequivocally documented using the Hick apparatus, practice effects are usually found across a wide array of RT tasks (Welford, 1980, 1986). Furthermore, the ability correlates of performance on an RT task may well vary as a function of practice on the task. For example, in a series of studies of the relation between psychomotor task performance and ability test scores, Fleishman (1957, 1958, 1960; Fleishman & Hempel, 1954, 1955; Fleishman & Rich, 1963) found large practice effects on complex psychomotor tasks over the course of practice on the tasks (e.g., 64 2rain trials). Fleishman found, when psychomotor performance was correlated with ability test factors, that ability factors of a more intellectual sort correlated with psychomotor performance during early stages of practice, but that these factors correlated less and less with psychomotor performance at later stages of practice. Conversely, ability factors of a less intellectual, but more motor nature correlated with psychomotor performance at low levels during early stages of practice, but correlated at progressively higher levels at later stages of practice. The apparatus used in the Hick paradigm is a fairly simple one for obtaining choice reaction time data, but the simple form of the apparatus does not ensure that practice effects would therefore be negligible. Practice effects on a reaction time task most likely reflect the automatization of responding by subjects on the task; as subjects become more familiar or acquainted with a task, responding to the task requires fewer effortful attentional resources, enabling subjects to respond faster to the task. Furthermore, substantial practice effects can be shown during the first 100 trials, 200 trials, or more, even for rather simple choice reaction time paradigms (Welford, 1980, pp. 100-104). Therefore, given the standard protocol of 60 reaction time trials on the Hick apparatus, all responding by subjects in typical studies by Jensen and his associates is probably done during the period during which practice effects could bias the RT and MT parameters that represent their performance. If practice effects occur on the Hick paradigm, and if more intelligent people more quickly automatize their responses on the task as a function of practice, the use of the three orders of administration of bit conditions leads to an interesting hypothesis regarding the correlation between ability measures and Hick param-
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eters. Under the ascending order, practice is greatest at higher levels of bits of information. If more intelligent subjects have systematically lower RTs as a function of practice and thus at higher levels of bits, they should have flatter RT slope estimates, and ability measures and RT slope estimates should be negatively correlated, a typical finding. Given the positive bias in the intercept under the ascending order discussed above, the correlation between ability measures and RT intercept estimates would be expected to be positive, if differing at all from zero. In contrast, under the reversed order, pract!ce is greatest at lower levels of bits of information. Under the reversed order, the more intelligent persons would have systematically faster levels of response at lower levels of bits of information, leading to steeper RT slope estimates. As a result, there should be a positive correlation between ability measures and RT slope estimates under the reversed order. The correlation between ability measures and RT intercept estimates should be negative, given the negative bias in RT intercept estimates under the reversed order. Thus, the pattern of correlations between ability measures and RT intercept and slope estimates under the reversed order of administration of conditions should be the opposite of the pattern of correlations under the ascending order. Under the random order of administration of bit conditions, practice is equalized at all levels of bits of information. If ability measures correlate with Hick performance only because of ability-related practice effects, then ability measures and RT slope and RT intercept estimates under the random order of administration should correlate approximately zero and should fall between the correlations found for the ascending and reversed orders. Given the possibility of practice effects on MT parameters, hypotheses parallel to the foregoing ones can be stated for the differential pattern of correlations between ability measures and MT intercept and MT slope estimates. If the above patterns of correlation would emerge from empirical data, a major reinterpretation of the theoretical basis for the correlation between ability measures and Hick parameter estimates may be required. Specifically, the finding of a small negative correlation between general intelligence and RT slope, summarized in the meta-analysis by Jensen (1987), may reflect differential practice effects, or differential rates of automatization of psychomotor responding, as a function of intelligence, rather than differential speed of executing elementary information processes. VISUAL ATTENTION EFFECTS The second procedural problem in studies by Jensen and his associates that Longstreth (1984) discussed is the problem of visual attention effects. The apparatus used by Jensen consists of a home button and a series of eight lights, each accompanied by a response button, arrayed in a semicircle equidistant from the
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h o m e button. Because the radius of the semicircle on which the eight lights are placed is 6 in., Longstreth argued that the lights may be far enough from the point of foveal attdntion that the linear increase in RT as a function of bits of information may be the result of visual attention effects rather than the speed of making binary judgments. Longstreth (1984) stated that, if a subject attended to the home button, all of the lights would fall about 12 to 15° from the fovea; if a subject attended to one of the most extreme lights (e.g., the leftmost light), the other extreme light would fall approximately 30 degrees from the fovea. Since even 5 ° of displacement from the fovea can significantly lower visual accuracy (Longstreth, 1984), the displacement of the lights employed in the Jensen apparatus may lead to differential visual attention effects in different bit conditions, which could produce the observed linear relation between RT and bits of information. In addition to use of a standard order of presentation of bit conditions, Jensen and his associates have also used a common assignment of lights to bit conditions. Jensen (1987) reported having three templates that could be put over the apparatus to obscure from view lights that were inoperative in a given bit condition. For example, in the 0-bit conditions, the template covers seven of the eight lights. Use of the templates had the following effect: Assuming the lights are numbered from 1 to 8 starting from the left, the onset of light 5 is typically the target stimulus in the 0-bit condition. In the 1-bit condition, the subject monitors the onset of either light 4 or 5; in the 2-bit condition, lights 3 through 6 are used; and, in the 3-bit condition, all eight lights are used. With these assignments of response alternatives to bit conditions, the alternatives are grouped as much as possible for the given bit condition. Because of this, the single light used in the 0-bit condition may well be in foveal attention, but the amount of retinal displacement of the target lights is greater and greater as bit condition increases. As a result, there is a strong positive correlation between bit condition and visual eccentricity of the response alternatives typically used by Jensen and his associates. Longstreth (1984) sought to investigate the presence of visual attention effects using an apparatus that was rather different than the Hick apparatus, and reported a significant lowering of response time if the stimuli appeared in a single place, rather than in a spatial array that was loosely analogous to that of the Hick apparatus. As Jensen and Vernon (1986) noted, the difference in apparatus makes difficult any generalization of Longstreth's findings to those obtained with the Hick apparatus. However, it is possible to design at least one form of alteration of the standard procedures followed by Jensen and his associates that would provide empirical evidence regarding visual attention effects using the Hick paradigm. Specifically, if one were to alter the assignment of lights to bit conditions to ensure that retinal displacement of the target lights is n o t correlated with bit condition, such a condition would enable an interesting contrast with the standard methods employed by Jensen. This could be done if widely spaced light/response alterrtatives were chosen for certain conditions. For example,



PROCEDURAL EFFECTS ON HICK PERFORMANCE



71



lights 1 and 8 could be used for the 1-bit condition, rather than lights 4 and 5; use of these lights would greatly alter the retinal displacement of the target lights, while leaving the level of bits of information unchanged. If visual attention effects are present due to the standard procedures used by Jensen and his associates, then the condition with an altered assignment of lights to bit conditions should lead to systematically different RT and MT parameters than are obtained using the standard assignment of response alternatives to bit conditions. RESPONSE BIAS EFFECTS The third major procedural problem with the Hick paradigm is the possibility of response bias effects (Longstreth, 1984). Once again using his modified apparatus, Longstreth (1984) reported finding a significant response bias effect, signifying differences in the speed of execution of hand movements in certain directions. As before, however, the difference in apparatus makes generalization of the response bias effects described by Longstreth to the Hick apparatus somewhat tenuous (Jensen & Vernon, 1986). The typical form of the Hick apparatus leads to interesting problems in unequivocally separating visual attention and response bias effects. Using the response alternatives usually used by Jensen and his associates, contrasts between certain conditions represent differences on several dimensions, including both retinal displacement and response bias. For example, in the 1-bit condition using lights 4 and 5, the two lights used could both reside in foveal vision, and the response would require the programming of a very similar upward and forward movement of the arm regardless of which light was lit on the trial. In contrast, the 3-bit condition using all eight lights would result in both (a) several of the lights being outside of foveal vision on any given trial, and (b) the potential programming of a wide range of motor responses, from directly to the left to directly to the right. Furthermore, contrasting the 1-bit condition using lights 4 and 5 with the 1-bit condition using lights 1 and 8 (a contrast suggested in the previous section) also represents a complex contrast: The two alternative 1-bit conditions represent differences in both visual eccentricity and the form of the motor response required. That is, the contrast between conditions using the typical grouped response alternatives with conditions using spread alternatives represents the combined effects of differences in visual eccentricity of response alternatives and differences in motor responses. Thus, use of the alternative 1-bit conditions described above does not allow the clear separation of visual attention and response bias effects. However, the two types of effect likely would not be compensatory, but would be either independent or multiplicative. Therefore, if visual attention, response bias, or both types of effect were present, systematic differences in RT and MT parameters should result. Moreover, response bias effects should presumably be more strongly shown in MT parameter estimates than in RT parameter estimates, as response bias effects have been phrased in
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terms of the motor response required (Longstreth, 1984) and MT parameters represent response movements after lifting one's finger from the home button. T H E PRESENT STUDY The present study was designed to test whether variations from the standard procedures used by Jensen and his associates in their studies of the Hick paradigm might affect RT and MT parameter estimates as well as the correlations between RT and MT parameters and measures of achievement. To do this, we investigated performance on the Hick paradigm using three orders of presentation of bit conditions and two contrasting assignments of response alternatives to bit conditions, and we correlated resulting RT and MT parameter estimates with individual differences in general achievement scores. METHOD



Sample The subjects in the study were 122 college undergraduates at the University of California at Riverside, who satisfied requirements for an introductory psychology class by their participation in the experiment. The sample, which comprised 52 males and 70 females, had a mean age of 18.9 years (SD = 1.69 years).



Apparatus The reaction time/movement time apparatus used in the study conforms to the apparatus used in recent studies by Jensen and his associates (e.g., Jensen, 1987; Jensen & Munro, 1979) using the Hick paradigm, and was used in several earlier studies (Carlson & Jensen, 1982; Carlson, Jensen, & Widaman, 1983). Specifically, the apparatus consists of a console with a home button positioned in the bottom center of the 17-inch-by-13-inch console. Arrayed on a semicircle with 6inch radius around the home button are eight response buttons. Associated with each response button is a light; these are placed on a semicircle with 6.5-inch radius around the home button. One RT/MT trial consisted of the following: The subject was instructed to depress the home button. A warning tone of 0.5-s duration preceded the onset of one of the lights by a random interval of 1 to 4 s. Upon onset of one of the lights, the subject was to turn off the light as fast as possible by releasing the home button and depressing the button next to the light. The time from onset of the light until release of the home button is termed the RT, while the time from release of the home button until the pressing of the correct response button is termed the MT.



Procedure All subjects in the study were tested individually on the RT/MT apparatus and were randomly assigned to one of six conditions of administration of RT/MT
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trials. The six conditions comprised the factorial crossing of two effects, three orders of administration of bit conditions and two levels of grouping of response alternatives. Regardless of condition, each subject received 15 trials at each of four levels of bits (i.e., 0-, 1-, 2-, and 3-bits), for a total of 60 RT/MT trials. After the RT/MT trials were administered, each subject was given a short debriefing regarding the aims of the study. We also asked for permission to obtain the subjects' scores on the Scholastic Aptitude Test (SAT) from their official school records; all subjects granted us their permission.



Order of Administration of Bit Conditions. Three orders of administration of bit conditions were used in the present study to manipulate the amount of practice at each level of bits. The first condition was the standard ascending order, used by Jensen and his associates, in which the 4 bit conditions are administered in ascending order, starting with the 0-bit condition and ending with the 3-bit condition. Using the ascending order, practice is strongly positively correlated with bit conditions. The second order utilized the reversed order of administration of bit conditions. That is, subjects were first tested in the 3-bit condition, then the 2-bit condition, then the 1-bit condition, and finally the 0-bit condition. Using the reversed order, pratice is strongly negatively correlated with bit conditions. The third order was the random order of administration of bit conditions. In the random order condition, the 60 RT/MT trials were broken down into three sets of 20 trials. Subjects we.re then presented with a random order of presentation of RT/MT trials under the constraint that one third of the trials at a given level of bits must occur in each of the three sets of 20 trials. That is, 5 trials at 0bit had to occur in each of the three sets of 20 trials, and this was done for trials at each level of bits. Because practice is provided equally at each of the levels of bits, practice and bit conditions are uncorrelated under the random order of administration.



Grouping of Response Alternatives. The second manipulation in the present study was the grouping of response alternatives. The first level of this effect was termed the grouped arrangement of alternatives and reflects the arrangement of response alternatives used by Jensen and his associates. Specifically, the light/button assignments for the 4 bit conditions under the grouped arrangement were as follows: 0-bit, light 5; 1-bit, lights 4 and 5; 2-bit, lights 3 through 6; and 3-bit, lights 1 through 8. The second arrangement of response alternatives defined the spread condition. Under the spread arrangement of response alternatives, the light assignments for the 4 bit conditions were: 0-bit, light 1; 1-bit, lights 1 and 8; 2-bit, lights 1, 2, 7, and 8; and 3-bit, lights 1 through 8.
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Analyses Two sets of analyses of variance (ANOVAs) were performed on data derived from the Hick paradigm. The analyses were performed on both raw RT and MT data and trimmed RT and MT data. The raw data consisted of all 15 trials in each condition, while the trimmed data consisted of data from which obvious outlier RTs and MTs had been removed. The first set of ANOVAs used a 3 × 2 x 4 ANOVA design, with Order of Administration and Grouping of Response Alternatives as between-subjects effects and Bits as the within-subjects effect, using mean RT and MT per condition as dependent variables. The second set of ANOVAs used a 3 x 2 between-subjects design, with Order of Administration and Grouping of Response Alternatives as effects, and employing RT intercept, RT slope, MT intercept, and MT slope as dependent variables. Because identical patterns of significance emerged from both sets of analyses and because the second set of ANOVAs led to more direct tests of significance on the Hick parameters of interest, only results from the second set of analyses will be described. Random assignment of subjects to conditions resulted in 20 subjects in each cell of the 3 × 2 design, except the Random-Spread condition, in which 2 additional subjects were inadvertently included. All analyses were performed on the total sample of 122 subjects. After obtaining the preliminary ANOVA results, two sets of a priori contrasts, using orthogonal t-ratios, were computed. One set of a priori contrasts consisted of two orthogonal contrasts comprising the main effect of Order of Administration. The first contrast tested the hypothesis of linear practice effects; thus, linear contrast coefficients were specified to determine whether there was a linear trend in a given dependent variable from the ascending condition to the random and then the reversed condition. The second contrast embodied the quadratic effect of practice, as the effects of practice may begin to asymptote even during the first 60 trials on a task. Tabled contrast coefficients were usable, as the ascending, random, and reversed conditions represented equally spaced points on the practice continuum. The second set of a priori contrasts consisted of a decomposition of the Order of Administration × Grouping of Response Alternatives interaction into the linear and quadratic Order interactions with the Grouping effect, a priori contrasts reflecting linear and quadratic interactions of practice with the Grouping effect. After assessing effects of procedural variations on Hick paradigm parameter estimates, RT and MT intercept and slope estimates were correlated with SAT scores. Three types of correlations were computed: (a) raw, or simple, correlations between parameter estimates and test scores, (b) partial correlations between estimates and test scores, in which the effect of grouping of response alternatives was partialled out, and (c) raw correlations between estimates and test scores where outlying values were Winsorized, or recoded to values equal to the largest nonoutlying values (Tabachnick & Fidell, 1983, p. 76). Differences
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b e t w e e n correlations w e r e assessed with a z-test o f difference between independent correlations ( C o h e n & C o h e n , 1983, p. 54). Finally, due to the rather small sample sizes, ranging f r o m 36 to 39, on which correlations were based and the resulting relatively low p o w e r o f the test o f significance, we discussed findings meeting the p < . 10 and p < .05 levels o f significance (two-tailed). This s e e m e d reasonable for a further r e a s o n - - g i v e n our directional hypotheses regarding correlations o f R T and M T intercept and slope estimates with S A T scores, the t w o - t a i l e d . 10-level o f significance corresponds to a .05-level using a one-tailed, or directional, hypothesis test.



RESULTS Summary



Statistics S u m m a r y statistics for the total sample (N = 122) are presented in Table 1. As s h o w n in the top half o f Table l , the m e a n subject age was 18.85 years (SD = 1.69). W e obtained S A T scores on 112 o f the 122 subjects from school records. The S A T scores r e v e a l e d that the students in our study had a m e a n Verbal score o f 450 (SD = 103.4) and a m e a n Quantitative score o f almost 528 (SD = 97.5), for a m e a n S A T Total Score o f 978 (SD = 179.4). Statistics on p a r a m e t e r estimates from the Hick paradigm are presented in the



TABLE 1 Summary Statistics on the Total Sample Reliability Variable



N



M



SD



Raw



Background Characteristics Age SAT Verbal SAT Quantitative SAT Total



122 112 112 112



18.85 450.18 527.86 978.04



1.69 103.38 97.45 179.40



-----



Hick Parameters Raw RT Intercept Raw RT Slope Raw MT Intercept Raw MT Slope Trimmed RT Intercept Trimmed RT Slope Trimmed MT Intercept Trimmed MT Slope



122 122 122 122 122 122 122 122



414.12 22.55 380.11 3.37 411.82 22.50 375.63 1.95



41.15 12.89 43.41 13.22 41.08 12.23 40.73 9.93



.958 .854 .961 .871 .968 .896 .985 .941



Partialled



m



M



m



.957 .790 .962 .846 .968 .859 .986 .919



Note. Raw Hick parameters were calculated from the 60 RT/MT trials for each subject; trimmed parameters were calculated from data with outliers removed. Reliability estimates are SpearmanBrown estimates based on even-odd, split-half reliabilities. Raw reliahilities are based on simple correlations; partialled are based on correlations with Order and Grouping partialled out.
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bottom half of Table 1. Following Barrett, Eysenck, and Lucking (1986), we performed analyses on raw RT and MT data as well as on RT and MT data from which outliers had been trimmed. Comparing the results for parameter estimates from raw and trimmed data, mean parameter estimates were consistently lower for the trimmed data. This was expected, as RT/MT data tend in general to be positively skewed, and outlying RT and MT responses in our study tended to arise from excessively long RTs or MTs. Paralleling the reduction in means, the standard deviations for parameter estimates from trimmed data were somewhat smaller than corresponding estimates from raw data. The lower level of interindividual differences in parameter estimates from trimmed data is consistent with the hypothesis that the outlier RTs and MTs contributed increased, random variability to the estimates based on raw RT and MT data. In order to examine the psychometric properties of Hick parameter estimates, we calculated the reliability of parameter estimates by computing parameter estimates separately from the 30 odd-numbered trials and from the 30 evennumbered trials, computing a split-half reliability for each parameter, and then using the Spearman-Brown prophecy formula to estimate the reliability of each parameter based on all 60 trials. These reliabilities were computed twice, once without regard to experimental condition (termed " r a w " reliability in Table 1), and once with effects of experimental conditions partialled out, the latter because experimental conditions were hypothesized to have systematic effects on Hick parameter estimates. These analyses showed, without exception, that the parameter estimates from trimmed data were more reliable than corresponding estimates from raw data and that partialling out the effects of experimental conditions had little effect on levels of reliability. Moreover, the estimated reliabilities of all Hick parameter estimates from trimmed data were quite satisfactory. Few data points were excluded as outliers in the present study (less than 1.5% of the RTs and MTs), but excluding the outliers led to better psychometric properties of the resulting parameter estimates. For this reason, and because there were no substantive differences in the results of analyses of raw and trimmed data, only results based on trimmed data will be presented, l Effects of Procedural Variations on RT and MT Parameters



RT Intercept. To assess the effects of procedural variations on Hick paradigm parameters, two-way ANOVAs were performed on the RT and MT intercept and slope estimates. The first ANOVA, on RT intercept, revealed no significant effects. The mean RT intercepts for each condition are given in Table 2. The strongest effect was that of Order of Administration, which exhibited a weak linear practice effect, t(ll6) = 1.31, p < .20, consistent with the somewhat ITables of results based on RT and MT intercept and slope parameters estimated from raw RT and MT data are available upon request from the first author.
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TABLE 2



Intercept and Slope Estimates for Reactiou Time and Movement Time As a Function of Order of Administration and Grouping of Alternatives Parameter Reaction Time Order



Movement Time



Statistic



Intercept



Slope



Intercept



Slope



M SD M SD M SD



415.2 42.4 405.7 32.4 405.1 37.6



15.6 9.1 21.4 6.7 26.6 12.9



387.4 41.6 378.2 27.6 363.7 15.9



-5.6 7.9 -0.5 3.7 7.2 9.4



M SD M SD M SD



422.3 42.0 413.9 24.2 408.2 47.7



13.9 11.1 24.2 8.7 33.2 13.4



376.8 37.8 374.0 18.8 374.1 55.4



- 1.3 3.8 1.1 3.1 10.9 9.6



Grouped Lights Ascending Random Reversed



Spread Lights Ascending Random Reversed



Note. All tabled entries are presented in milliseconds. Sample size for each condition was 20, with the exception of the Random-Spread conditon where sample size was 22.



higher RT intercept for the ascending order (M = 418.8 ms) and lower RT intercept for the reversed order (M = 406.6 ms) relative to the random order (M = 410.1 ms). Although this practice effect was in the predicted direction, no effects of procedural variations on RT intercept met traditional levels of statistical significance. The remaining effects, of Grouping of responses and the Order x Grouping interaction were nonsignificant, ps > .40.



RT Slope. The ANOVA on the RT slope revealed one significant effect, the effect of Order, F(2,116) = 20.60, p < .0001, which indicated that slope values differed significantly across different orders of administration of conditions, and therefore as a function of practice on the task. The first a priori t-ratio, representing the linear effect of practice on RT slope estimates, was significant, t(116) = 6.41, p < .0001. As shown in Table 2, the linear effect of practice was in the direction predicted, with lower RT slope estimates in the ascending order conditions (M = 14.7 ms) and higher estimates in the reversed order conditions (M = 29.9 ms) relative to the random order conditions (M = 22.8 ms). The quadratic effect of practice was nonsignificant, t(116) = .40, p > .50, suggesting that RT slope estimates for the random order conditions fell approximately midway between the estimates for the other orders.
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There was a nonsignificant trend, F(I,116) = 1.78, p < .20, for the spread conditions to yield a higher RT slope (M = 23.8 ms) than did the grouped conditions (M = 21.2 ms). The preceding Grouping main effect was due primarily to the progressively larger difference between the grouped and spread conditions as a function of order of administration. The overall interaction of Order and Grouping was nonsignificant, F(2,116) = 1.51, p < .25. However, the linear Order × Grouping interaction neared significance, t(116) = 1.73, p < • 10, while the quadratic Order by Grouping interaction was nonsignificant, t (116) = .10, p > .50. M T Intercept. Turning to MT parameters, the A N O V A on MT intercept estimates revealed that no overall main effects or interactions attained conventional levels of statistical significance. Because consideration of a priori t-ratios does not require a significant overall effect, the results of the t-ratios were tested for significance. The linear effect of practice on MT intercept estimates was a weak trend, t(116) = 1.45, p < . 16, and the quadratic effect of practice was nonsignificant, t(116) = 0.14, p > .50. The mean MT intercept estimates for each condition are presented in Table 2; these show that the linear effect of practice was in the direction hypothesized, with positive bias relative to the random order conditions (M = 376.0 ms) in conditions using the ascending order (M = 382.1 ms) and negative bias in the reversed order conditions (M --- 368.8 ms). The remaining effects, the main effect of Grouping and the Order x Grouping interaction, were nonsignificant, ps > .30. M T Slope. Finally, the A N O V A on MT slope estimates revealed that order had a significant effect on slope estimates, F(2,116) = 23.36, p < .0001. The estimates of MT slope for each condition are presented in Table 2. The effects of practice were quite clear and in the direction predicted. As shown in Table 2, the MT slope estimates were lowest for the conditions using the ascending order of presentation of bit conditions (M = 3.49 ms), a middling value for the random order of presentation (M = 0.32 ms), and highest for the reversed order (M = 9.08 ms). The a priori t-ratios bore out the trends in the data: The linear effect of practice was significant, t(116) = 6.66, p < .0001, and the quadratic effect was nonsignificant, t(116) = 1.54, p < . 15. The main effect of Grouping was also statistically significant, F(I,116) = 4.29, p < .05. Averaging across order conditions, the grouped arrangement of response alternatives led to a flat slope of MT as a function of bits (M = 0.36), whereas the spread arrangement resulted in a positive MT slope (M = 3.48). The Grouping x Order interaction was nonsignificant, p > .30.



Correlations of RT and MT Parameters with SAT Test Scores Correlations between RT and MT intercept and slope parameters and SAT scores are presented in Table 3. SAT scores are indicators of general academic aptitude,



PROCEDURAL EFFECTS ON HICK PERFORMANCE



79



TABLE 3 Correlations of Reaction Time and Movement Time Parameters with SAT Total Scores, by Order of Administration Reaction Time Order



N



Type a



Ascending



37



Random



39



Reversed



36



Raw Partial Winsorized Raw Partial Winsorized Raw Partial Winsorized



Intercept



Movement Time



Slope



Intercept



Slope



-.26 (-.25) [-.24] -.06 (-.06) [-.06] .18 (.29*) [. 17]



-.30* (-.28*) [-.26] -.03 (-.03) [-.01] -.37** (-.33**) [-.20]



-.24 (-.29*) [-.05] .01 (.01) [-.05] .21 (.28*) [.25]



Correlations



.21 (.20) [.22] .14 (.14) [.131 -.32* (-.31") [-.26]



Significance of difference between correlations b



Ascending vs. Random Random vs. Reversed



Ascending vs. Reversed



Raw Partial Winsorized Raw Partial Winsorized Raw Partial Winsorized



.31 (.26) [.39] 1.96"* (1.92") [1.65*] 2.23** (2.18"*) [2.00**]



.86 (.82) [.77] 1.00 (1.49) [1.44] 1.83" (2.27**) [1.70*]



1.17 (1.08) [1.07] 1.49 (1.30) [.93] .32 (.23) [.26]



1.07 (1.29) [. 10] .84 (1.15) [1.31] 1.87" (2.40**) [1.25]



aThe raw correlations are Pearson product-moment correlations of the given parameter with SAT Total Scores; the partial correlations, in parentheses, are comparable correlations with Grouping of Lights partialled out; and the Winsorized correlations, in brackets, are raw correlations with bivariate outliers recoded equal to largest nonoutlying value. bTabled values are z-values associated with the typical test of difference between indepenent correlations (Cohen & Cohen, 1983, p. 54). **p < .10; **p < .05.



and studies o f the H i c k p a r a d i g m that have included intelligence and achievement measures have found that measures o f a c h i e v e m e n t correlate as highly with Hick parameters as do measures of intelligence (e.g., Carlson & Jensen, 1983). Correlations w e r e c o m p u t e d with both the Verbal and Quantitative subscales o f the S A T as well as with S A T Total Scores, which were the simple sum of Verbal and Quantitative subscale scores. Due to space limitations and the more consistent pattern o f correlations with the m o r e reliable S A T Total Scores, only the correlations b e t w e e n H i c k p a r a d i g m parameter estimates and the S A T Total Scores are presented in Table 3. 2 2Tables of correlations of RT and MT intercept and slope parameter estimates with SAT Verbal and Quantitative subscale scores are available upon request from the first author.
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As shown in Table 3, correlations of RT and MT intercept and slope estimates and SAT Total Scores were computed separately for the three orders of administration of bit conditions, but collapsing over levels of grouping of response alternatives, as the latter had little effect on RT and MT parameter estimates. Considering first the correlations between RT intercept and slope estimates with SAT Total Scores, we had predicted that SAT scores would correlate positively with RT intercept and negatively with RT slope under the ascending order, and that the opposite pattern of correlations would hold under the reversed order. The relevant correlations are presented in the first two columns of Table 3; the predicted pattern of correlations was clearly evident. Although few of the individual correlations differed significantly from zero, the differences between the correlations between RT intercept and SAT scores for the ascending and reversed conditions were significant (ps < .05), and the corresponding differences between the correlations between RT slope and SAT scores were of somewhat lower, but acceptable, significance (ps < . 10), regardless of type of correlation computed. The correlations between RT intercept and slope parameters and SAT scores for the random condition fell between those for the ascending and reversed conditions, as predicted, although the correlations were more similar to those from the ascending .condition. Turning to correlations between MT parameter estimates and SAT Total Scores, we had predicted that the same pattern of correlations of parameter estimates with SAT scores would hold for MT intercept and slope estimates as held for RT intercept and slope estimates. As shown in the last two columns of Table 3, our a priori hypothesis was disconfirmed with regard to correlations of MT intercept with SAT Total Scores; across all orders of administration, MT intercept correlated negatively with SAT Total Scores, and there were no significant differences between conditions in the level of correlation of MT intercept with SAT scores. However, there was partial confirmation of our hypothesis with regard to correlations between MT slope and SAT scores. Specifically, MT slope correlated negatively with SAT scores under the ascending order and positively with SAT scores under the reversed order; the differences between correlations were significant for the raw (p < . 10) and partial (p < .05) correlations, but not for the correlation between Winsorized indices (p > .20). As with the RT slope, the correlations between MT slope and SAT scores for the random condition generally fell between those for the ascending and reversed conditions, regardless of type of correlation computed. DISCUSSION The primary aim of the present study was to investigate empirically certain issues raised by Longstreth (1984) in his critique of research by Jensen and his associates on the Hick paradigm. The hypotheses investigated in this study concerned the potential influence of practice, visual attention, and response bias effects on
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performance on the Hick paradigm. With regard to the first hypothesis, the results from the present study clearly supported the existence of practice effects on RT and MT slope parameter estimates obtained from the Hick paradigm. The effects of practice on both the intercept and slope of RT and MT were in the directions predicted: Assuming the random order condition as a reference point with the least bias in parameter estimates, the two conditions using the ascending order of administration--the grouped and spread conditions--revealed a positive bias in estimation of the RT and MT intercepts and negative bias in estimation of the RT and MT slopes. This occurred because subjects in the ascending order conditions had the least amount of practice at lower levels of bits and the greatest amount of practice at the highest levels of bits, and practice typically reduces overall response time. Conversely, the reversed order of administration led to negative bias in estimation of RT and MT intercepts and positive bias in estimation of RT and MT slopes, due to the reversal of the extent of practice at the different levels of bits. Therefore, although the effects of practice on RT and MT intercept values failed to reach statistical significance, the effects of practice on RT and MT slope estimates were statistically significant, and all trends in the data for both intercepts and slopes were rather consistent with general findings on reaction time (Welford, 1980). With regard to the evidence on visual attention effects, the results from the present study offer little support for the contention by Longstreth (1984) that visual attention effects may have an impact on parameter estimates from the Hick paradigm. None of the tests of significance involving the effects of grouping of response alternati~ces (i.e., the Grouping main effect and the Grouping x Order interaction) on RT intercept and slope estimates neared significance. The reason for the lack of difference between the grouped and spread conditions may lie with the levels of illumination of the target lights. As Jensen and Vernon (1986) noted, use of rather bright target lights may attenuate or erase effects due to parafoveal vision, as most of such effects are obtainable only under low levels of illumination. Concerning potential response bias effects, the effect of grouping of response altematives on M T slope appears most easily interpreted as the result of such bias. Longstreth (1984) presumed that response bias effects would primarily influence MT parameter estimates, as these estimates represent the temporal characteristics associated with hand movements after lifting the finger from the home button. Because his apparatus was unable to separate RT and MT, response bias effects would have unestimable, and potentially important, effects on the conglomerate (RT + MT) response that Longstreth obtained. However, by using the Jensen apparatus, we were able to separate RT and MT, and the only significant effect associated with grouping of response alternatives was a rather small one on MT slope. The contrast between the grouped and spread conditions in the present study was actually a conglomerate contrast, having elements of both visual attention
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and response bias effects. Thus, the grouped condition had a high correlation between bit condition and both the visual angle of the alternative response buttons and the range of ballistic movements required to turn off the lighted alternative. In contrast, the spread condition had both the greatest visual angle possible in the l-bit condition and the greatest possible difference in ballistic movement required, retaining the high correlation between visual angle and range of ballistic movement, but eliminating the correlation of these two measures with bit condition. Therefore, the contrast between the grouped and spread conditions represented a contrast of the combined effects of visual attention and response bias; two observations may be made about this contrast. First, the conglomerate nature of the contrast between the grouped and spread conditions, involving both visual attention and response bias effects, is a feature of the form of the apparatus that Jensen and his associates have used. Although it would be possible to attempt to separate the effects of visual angle and response bias, the most direct way of doing s o - - b y altering the assignment of buttons to lights, and thereby requiring the subject to press a button spatially separated from the illuminated light--would destroy the stimulus-response symmetry of the apparatus. Second, and more important, because the effects of greater visual angle should be in the same direction as effects of greater angle of ballistic movement (i.e., the slowing of overall reaction time), the absence of differences between the grouped and spread conditions on RT parameters and the presence of only small differences on the MT slope parameter implies that neither visual attention nor response bias effects are important influences on performance on the Jensen apparatus. Returning to the presence of significant and predictable practice effects on the Jensen apparatus, the results of the present study are important in two major ways. The first of these is the contrast that is provided with the extant literature. As mentioned above, Longstreth (1984) reported data from one of his miniexperiments that revealed within-condition practice effects. However, Jensen and Vernon (1986) discussed several sets of data all of which failed to show large withincondition practice effects. Furthermore, given the dearth of established evidence of within-condition practice effects, Jensen and Vernon stated that the existence of between-condition practice effects was unlikely. Consistent with this prediction, Larson and Saccuzzo (1986) concluded that practice effects were not evident in the data from their study; however, the number of subjects in the different conditions in the Larson and Saccuzzo study were so small that it is almost certain that tests of significance of the presence of order effects were of very low power. To our knowledge, the present study is only the second to vary systematically the order of administration of bit conditions, leading to between-condition tests of the presence of practice effects. In contrast to the study by Larson and Saccuzzo (1986), the results of the present study were based on a relatively large sample of subjects; the resultant reliability of the practice effects and the power
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of the tests of differences between conditions led to significant and easily interpreted evidence of practice effects on RT and MT parameters. As Jensen and Vernon (1986) noted, one should not systematically vary the order of administration of bit conditions across subjects if the aim of the study is the correlates of RT and MT parameters. Such a statement is quite reasonable, as differential treatment of subjects when they are administered the Hick paradigm could affect the correlation of Hick parameters with other measures (e.g., measures of intelligence). That is, the Jensen and Vernon suggestion is a most reasonable one under the assumption that practice on the task would affect RT and MT parameter estimates, something Jensen and Vernon concluded is highly unlikely. Given the practice effects found in the present study, the apparent lessening of bias in RT and MT parameter estimates associated with the random condition, and the desideratum that all subjects be administered the same order of bit conditions, we conclude that the random order of administration of bit conditions should be used in future studies utilizing the Hick paradigm. The second reason that the demonstrated practice effects in the present study are important is the implications the results have for theory regarding the relations between RT and MT parameters and intelligence. The evidence seems clear that there are replicable, small to moderate relations between RT and MT parameters and intelligence (Jensen, 1987). It appears, however, that such relations (a) may be obtained for reasons other than those commonly postulated and (b) therefore may be quite evanescent. The most common interpretations of the meaning of the RT slope estimate are that the slope provides an estimate of time for (a) resolution of one bit of information or (b) programming the appropriate motor response. A standard inference based on the commonly found, small negative correlation between RT slope and measures of ability is that the correlation indicates the influence of intelligence on even rather simple elementary information processes. However, virtually all studies of correlates of Hick paradigm performance used the ascending order of administration of bit conditions, leading to the presence of several alternative interpretations of the Hick performance-ability correlations. By utilizing different orders of administration of bit conditions, we found that the correlations between Hick paradigm parameter estimates were affected to an important degree by practice effects. The most direct interpretation of our results is that more intelligent persons had greater changes in their responding to the Hick apparatus during the 60 trials constituting the experimental protocol, a relatively brief exposure to the task that might be expected to result in practice effects on performance. The positive correlation between bit condition and practice under the ascending order led to negative correlations between both RT slope and MT slope and SAT scores, and the negative correlation between bit condition and practice under the reversed order resulted in a positive correlation between RT slope and MT slope and SAT scores. Thus, it appears that ability-related practice effects--that is, differential rates of automatization of performance--on the Hick paradigm may be the basis
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for the correlation between Hick parameter estimates and measures of ability. This is a different basis than presumed by Jensen and his associates (e.g., Jensen, 1987), who interpreted the correlations between Hick parameter estimates and ability measures as reflecting ability-related differences in a stable, trait-like characteristic, such as time for executing an elementary information process, that is independent of practice effects. If we are correct that ability-related differences in rate o f automatization o f performance are the basis of correlations between Hick performance and ability measures, this leads to an important corollary: The correlations between Hick parameters and measures of intellectual abilities may be rather ephemeral. That is, the correlations between Hick parameters and measures of intellectual abilities may hold only at rather early stages of practice, when individual differences in practice effects are measurable, and the correlations may be reduced or even vanish at later stages of practice, when performance has reached an asymptotic level and therefore practice effects are absent. In summary, the present investigation was designed to investigate the role that practice, visual attention, and response bias effects play on performance on the Hick paradigm. The results revealed that visual attention and response bias effects appear to be negligible; practice effects, on the other hand, were clearly demonstrated. Moreover, the correlations between SAT scores and RT and MT intercept and slope estimates are consistent with the hypothesis that correlations between Hick parameter estimates and measures of mental ability or achievement occur because of ability-related differences in automatization of responding to the task, rather than due to ability-related differences in rate of execution of elementary mental operations. The results from the present study call into question the typical interpretation of findings related to the Hick paradigm; research should be undertaken to replicate and to extend the present findings to other types of ability measures, to ensure the robustness of the results. An additional area for further research is the relation of psychometric measures of intelligence with Hick performance at various levels of practice on the task.
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