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Chronometric Studies of the



ROTATION O F LETTERSINUMBERS



Rotation of Mental Images



when the two letters are physically identical ("R" and "R") than when they are identical only in name (L'R" and "I"). The notion here is that a subject whose internal representation in short-term memory is of the most appropriate form (e.g., a "visual code" of the same internal structure as the ensuing visual stimulus) can respond very rapidly by matching this internal representation against that ensuing stimulus by some relatively direct, template-like process. When, however, the memory representation is of a less appropriate form (e.g., a visual code of a different structurelower as opposed to upper case--or an auditory-articulatory code of the name of that letter), additional time is needed to access the name of the ensuing stimulus and then to test for a match between the two derived (but case-invariant) names. Additional evidence that a visual representation mediates physicalidentity matching lies in the disappearance of the superiority of the physical-identity match when the interval between the two letters reaches about two seconds. Presumably the visual representation of the f i s t letter has faded during intervals of this length. Posner et al. (1969) also report that when subjects are motivated to attend specifically to the visual aspects of the fist stimulus (i.e., when subjects always know what the case-upper or lowei-of the second stimulus will be), then the speed of the physical-identity match, relative to the name-identity-only match, is maintained over longer interstimulus intervals. Finally, Posner and his associates have presented evidence that visual codes can be generated in the absence of an external visual stimulus. If subjects are given the name of the first letter in auditory form only, some 750 msec prior to the onset of the second stimulus, and if the case of this second letter is known in advance, then reaction times are as fast as those obtained for visual-visual matches of physical identity. The approximately .75-sec lead time that seems to be required for this is, presumably, the time it takes a subject to construct an internal visual representation of the named letter.



The experimental ~ a r a d-i e m introduced in this c h a ~ t e rdiffers from that used in t h e original experiment on mental rotation (described in the preceding Chapter 3). Instead of determining how the time that subjects need to compare two simultaneously presented objects depends on the angular difference betieen their two orientations, we determine how the time that subjects take either t o prepare for or to respond t o a single object (alphanumeric character) depends o n its angular departure from the orientation in which that object is expected --whether its conventionally defined upright orientation or some other, prespecified orientation. The findings indicate (a) that discrimination between standard and reflected versions of a rotated character requires a compensating mental rotation, ( b ) that subjects who are given advanced information as to the orientation of a prespecified test stimulus can carry out the required mental rotation before that stimulus is actually presented, and (c) that during such a preparatory process, the orientation in which the test stimulus would (if presented) be most rapidly discriminated, is actually rotating with respect t o external space. ~



~~~



Accumulating evidence indicates that to be more prepared for a stimulus is to have, in advance, a more appropriate internal representation of that stimulus. In a particularly relevant lime of work, Posner and his associates have developed successful paradigms for determining the form of the internal representation remaining from a previously presented stimulus by measuring the time subjects take to respond discriminatively to an ensuing, related stimulus (e.g., Posner, Boies, Eichelman, & Taylor, 1969). They have shown that when subjects are instructed to indicate whether the second of two successively presented letters has the same name as the first, their response "same" is approximately 80 t o 100 msec faster Reprinted by permission from Chapter 3 of the volume Visual information processing, edited by W. G. Chase and published by Academic Press, 1973.'
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Mental Transformations
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Reaction-time experiments of the sort reported by Posner and his associates appear to furnish rather strong evidence concerning the nature of particular internal representationsspecifically whether they are principally visual or verbal in form. However, the question still remains whether these particular internal representations or "codes" are what we ordinarily refer to as mental images. The implied contrast, here, is with the possibility that the "visual code" postulated by Posner consists (as he himself has suggested) solely in the priming of certain relevant feature detectors in the sensory
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receptor system. The resulting state of heightened readiness of the receptor system for certain specific patterns could account for the demonstrated reduction in reaction times to just those patterns. However, this selective priming of lower-order feature detectors would not in itself constitute what we ordinarily refer to as a mental image, for, by hypothesis, the state of readiness would not have any cognitive consequences for the subject in the absence of the subsequent presentation of a related external stimulus. (Consider, for example, that one's perceptual system is more tuned to register the appearance of a familiar than an unfamiliar word without one's in any sense having a prior mental image of the more familiar word.) Presumably, to have a mental image, then, is to activate an internal representation t h a t i n addition to preparing one for a specific external stimulus --can be used as a basis for further information processing even if the relevant stimulus is never actually presented. Such further information processing could include, for example, the generation of a verbal description of the mental image.2 The experiments that we wish to describe here follow Posner in the use of the selective reduction of reaction times to an ensuing visual stimulus for purposes of demonstrating a structural correspondence between (a) the internal representation with which the subject attempts to prepare for an upcoming stimulus and (b) the external stimulus itself. In addition, we introduce the new requirement that, in order to be fully prepared for the anticipated stimulus, the subject must first perform a transformation on the internal representation specifically, a transformation that corresponds to a rigid rotation of the stimulus in space. This addition serves two purposes. First, by demonstrating that the subject can perform such a transformation on an internal representation, we establish that this representation is accessible to that subject for further cognitive processmg. The representation then satisfies the important condition just set forth for its classification as a mental image. Second, by requiring a transformation that corresponds specifically to a spatial rotation, we provide further support for the claim that the representation or "image" is primarily visual or at least spatial in form. Evidence that these internal representations are spatial in nature comes, also, from the postexperimental introspective reports. Our subjects typically claim that in preparing for the anticipated presentation of a rotated stimulus, they did in fact (a) form a mental picture of the anticipated stimulus and then (b) carry out a mental rotation of that picture into its anticipated orientation. Their tendency to generate such a verbal report is consistent with the supposition that the internal representation was accessible to introspectionas we should require of a mental image. Of course, the verbalization of introspections need not be con-
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f i e d to reporting merely the existence and principal modality of a mental image. Reports dependent upon specific structural features of internal representations are of greater evidential value. To illustrate, in an experiment by Shepard and Feng (see Shepard, 1975) times were measured for subjects to report the identity of the letter that results when a specified spatial transformation is applied t o a letter that is designated only by name. The subjects could readily report, for example, that the letter "N" turns into the letter "Z" when rotated 904 Evidently, the internal representation they were manipulating had a definite internal structure that was analogous to the structure of the corresponding physical letter and that was internally available for further processing-including spatial transformation, visual analysis, and verbal report. Moreover, reaction times were consistently longer for more extensive transformations (e.g., longer for 180" than for 90" rotations), providing additional support for the notion that the images and operations were of a basically spatial character. In the experiments that we shall be describing, mental transformations and the selective reduction of reaction times are used, jointly, to establish that the internal representations and mental operations upon these representations are to some degree analogous or structurally isomorphic to corresponding objects and spatial transformations in the external world. In all of these experiments, each transformation consists simply of single rigid rotation of a visual object about a f i e d axis. In order to make the discrimination more demanding, hence to force subjects to cany out a mental rotation, we adopted the technique (introduced by Shepard and hletzler, 1971) of requiring the subject to discriminate between a stimulus and its mirror image-not merely between one stimulus and an entirely different stimulus. EXPERIMENT I. DETERMINATION OF THE TIhIES REQUIRED TO PREPARE FOR AND RESPOND TO A ROTATED STIMULUS In the experiment we report now, we controlled the time during which advance information about orientation was available to the subject prior to the presentation of the rotated test stimulus itself. If subjects do indeed carry out some sort of mental rotation in the process of preparing for a tilted stimulus, this process should require more time for its completion, since the orientation indicated in the advance information departs by larger angles from the standard upright orientation. Moreover, failure to complete this process of preparation prior to the onset of the ensuing stimulus should result in an increase in the reaction time to that stimulus, since in this case some further mental rotation will have to be carried out after the onset of the tilted stimulus itself. Thus by determining how
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ROTATION OF L E T T E R S I N U M B E R S



reaction time depends both upon the angle of the tilted stimulus and upon the duration of the advance information as to that angle, we hoped (a) to obtain somewhat more direct evidence that the generation and rotation of a mental image is in fact a part of the process of preparation for a rotated stimulus, and (b) to determine something about the time required to carry out this preparatory mental rotation.



the set of six orientations, and since each occurred the same number of times in the test stimuli, the informational uncertainties concerning identity and orientation were equivalent in the absence of advance information The subjects' task was simply to discriminate the normal versions of the characters (left-hand panels in the figures) from the reflected or backward versions of those same characters (right-hand panels) regardless of their orientations within the picture plane (Figure 4.2).



Method



THE



Subjects. Eight subjects-seven Stanford students and one of the authors (RNS)--were run under all experimental conditions. The first four subjects were run in the complete factorial design, which required about seven hours of participation from each subject. The second four were run in a half-replicate design and served for three t o four hours each. (Although five male and three female subjects were included, no consistent differences were observed in the performances of the two sexes.) Stimuli. The stimuli were all asymmetrical alphanumeric characters, specifically the three uppercase letters (R, J, G) and the three arabic numerals (2, 5, 7) exhibited in Figure 4.1. Each of these
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SIX



ORIENTATIONS



CHARACTERS



I



BACKWARD



Figure 4.2 Normal and backward versions of one of the six characters, illustrating the six orientations in which it might appear as a test stimulus.



Figure 4.1 Normal and backward versions of the six alphanumeric characters used as test stimuli in Experiment I.



six characters appeared in each of six equally spaced orientations around the circle (in 60" steps starting from the standard upright position, 0") as illustrated for the letter "R" in Figure 4.2. Since subjects were familiarized with both the set of six characters and
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Following Shepard and Metzler (1971), we hoped that by requiring subjects to discriminate between mirror images of the same objects, we would prevent them from responding merely on the basis of some simple distinctive feature (such as the presence of an enclosed region in the case of the letter "R"), and thereby force them to carry out a "mental rotation" in order to compare a tilted character with the normal upright representation preserved in long-term memory. Notice, for example, that any one of the characters displayed in Figure 4.2 can almost immediately be identified as some version of the letter "R." In the cases in which that character is markedly tipped, however, it seems to take some additional time to determine whether that letter is normal or backward. Typically, subjects report that they do in fact imagine a markedly tilted character rotated back into its upright orientation to determine whether it is normal or backward, but that this is unnecessary for merely determining its identity. Indeed we suggest that subjects may have to identify a character before they can determine which is the
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top of the character and thereby know how the character must be rotated to bring it into its upright orientation. The advance information cues, when presented, appeared centered within the same circular aperture as the subsequently ensuing test stimulus. The identity cue was displayed in the form of an outline drawing of the normal, upright version of the upcoming test stimulus, and the orientation cue appeared as an arrow passing through the center of the circular field and pointing in the direction at which the top of the test stimulus would appear. Figure 4.3, which shows the sequence of visual displays that would appear within the circular aperture on an illustrative trial, provides a more concrete idea of the appearance of the identity and orientation cues.
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Figure 4 . 3 Sequence of visual displays appearing within the circular aperture on a trial of type B, in which both identity and orientation information were presented in advance of the test stimulus (illustrated here at 120 degrees).



The alphanumeric characters, which appeared both as test stimuli and as advanced information cues, subtended a visual angle of about 1%'. The visual angle of the circular aperture within which these characters appeared was 4", and the luminance levels of the two or three fields that succeeded one another within this aperture (depending upon the condition) were all approximately 20 footLamberts. Structure of individual trials. The subject sat in adimly illuminated room with head pressed against the shaped rubber lightshield surrounding the viewing window of the tachistoscope. This permitted binocular viewing of all stimuli, but prevented physical rotation of the head. Following a warning signal at the beginning of each trial, the subject fixated the circular field where the test stimulus and the advance information cues (if any) were about to appear, with left and right thumbs positioned on the two response buttons
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located on a hand-held box. The subject always used the preferred thumb (i.e., the right thumb except in the case of our one lefthanded subject) t o register a decision that the test stimulus was normal, and the nonpreferred thumb to signal that the stimulus was backward. The two cases, normal and backward, occurred equally often according to a random sequence. The test stimulus always remained on until after the subject's response. Each subject ran in eight different conditions of type and duration of advance information. Of central concern are the four variable time conditions (labeled "B" in Figures 4.3 and 4.4) in which both identity and orientation information were supplied. On these trials, the identity cue was displayed for 2000 msec, immediately followed by the orientation cue, which persisted for 100, 400, 700, or 1000 msec (depending upon which of the four conditions of type B was in effect). The orientation cue was then immediately replaced by the actual test stimulus. As indicated in Figure 4.3, even after having been provided with advance information about both the identity and orientation of the ensuing test stimulus, the subject still had to await the actual presentation of that stimulus in order t o determine whether it was the normal or the backward version of that character at that orientation. Figure 4.4 schematically illustrates the other four conditions, along with the conditions of type B (described above), for the case in which the test stimulus was to appear at 120". The remaining four conditions were as follows: N, in which no advance information was provided (but only a 2000 msec blank warning and adaptation field); I, in which only identity information wassupplied; 0, in which only orientation information was furnished; and finally C, in which the identity and orientation information were presented in a combined form followed by a 1000 msec blank field before the onset of the test stimulus. The purpose of interposing the blank field in this last condition, C, was to ensure that the response t o the test stimulus was based upon comparison with a representation in memory and not upon a purely sensory discrimination of continuity or change in the outline of the external visual display (for normal or hackward test stimuli, respectively). For all conditions illustrated in Figure 4.4 the large unfilled arrows signify immediate replacement, upon the offset of one visual display, of the display shown just to its right (always within the same circular aperture). Conditions I and C provided two reference points with which to compare the four variable time conditions B. At one extreme, when the duration of the orientation information is made very short (as in the B-condition with only 100 msec), we should expect that the subjects' reaction times to the test stimuli would approximate
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Figure 4.4 Schematic illustration of the five basically different types of conditions, N, I, 0 , B, and C. (Since type B subsumes four conditions, with different durations O f orientation information specified in Figure 4 . 3 , the total number of distinct conditions is eight.)



their reaction times t o those same test stimuli when no advance information as t o orientation has been provided (as in the I-condition). At the other extreme, when the duration of the orientation information is made sufficiently long (as in the B-condition with 1000 msec), subjects may have time t o generate an appropriate mental template of the normal version of that character and to rotate it into the designated orientation. If so, their reaction times t o the ensuing test stimulus should approximate those obtained when such a rotated template is supplied visually (as in the C-condition), hence does not have t o be subjected t o any mental rotation before comparison. Overall experimental design. Individual trials were blocked by condition, with 1 2 trials to a block. At the beginning of each such block the subject was given explicit instructions concerning the nature and duration of the advance information to be provided on all trials within that block, and was then given practice trials
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of that type until ready to proceed with the actual trials of the block. The order of trials within blocks was randomized subject t o the constraint that each of the six orientations occurred twice within each block. Hence, although the subject knew whether there would be advance information and how long it would last, until that advance information (if any) was actually presented on a given trial, the subject did not know which of the six characters would come up next or in which of the six orientations it would appear. The complete factorial design (used for the first four subjects) required the completion of 576 trials per subject in order to obtain one observation for each cell of the design. Each of these subjects was run for six one-hour sessions consisting of eight blocks (one for each of the eight different conditions) of 12 trials each. The order of conditions was counterbalanced over sessions. Prior to these six sessions, each subject was given an initial practice session to ensure familiarity with the stimuli, the experimental procedure, and the various conditions of advance information. After all data had been collected from the f i s t four subjects, we found that the mean reaction times in which we were interested were virtually unchanged when we recomputed them on the basis of only half of the observations selected from the entire factorial design by means of a "checkerboard" half-replicate design. Accordingly, the remaining four subjects were run only on the trials specified by this half-replicate design. After the initial practice session, therefore, each of these subjects completed only three onehour sessions of 96 trials each, yielding a total of 288 observations per subject. Subjects were instructed, for all conditions, t o indicate whether the test stimulus was normal or backward (regardless of its orientation in the picture plane) as rapidly as they could, without making errors, by pressing the appropriate button on the response box. Although error rates for the different conditions and orientations were positively correlated with mean reaction times, error rates averaged over all conditions were uniformly quite low, ranging from 3.6 to 8.7 percent for individual subjects. Nevertheless, throughout the experiment all trials on which errors were made were later repeated until an errorless reaction time had been obtained from each subject for each combination of character, orientation, version (normal or backward), and condition called for by the factorial design (or its half-replicate variant).
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Reaction-time Results The effect of orientation of the test stimulus. First we consider the condition, N, in which the subject was given no advance information concerning the identity or orientation of the upcoming test stimulus. The mean reaction times for this condition (averaged over all correct responses t o either the normal or the backward version of the test stimulus) are plotted as the uppermost curve in Figure 4.5. The independent variable, here, is the orientation of the test stimulus as specified in degrees of clockwise rotation from the standard upright orientation of the character. (In this and suhsequent plots of this type, all points are independent except the points at 360°which merely duplicate the points at OD.) In the absence of any advance information concerning the upcoming stimulus, reaction time increases very markedly as the orientation of that stimulus departs from its standard upright orientation. Indeed, as we move from 0' to 180' there is a roughly twofold increase in mean reaction time, from between 500 and 600 msec at the upright orientation to nearly 1100 msec at the completely inverted orientation. From the symmetry of the curve we see that the increase in reaction time resulting from a given angle of tilt is the same for both clockwise and counterclockwise rotations. This increase is not strictly limear, however, but concave upward, with the sharpest increase occurring as we approach the completely inverted orientation of 180" from 60' away on either side (i.e., from the orientations of either 120' or 240"). The reliability of the shape of this curve is indicated by its highly symmetric form as well as by the highly similar shapes of the two reaction-time curves plotted in Figure 4.5 just below the curve for condition N a a m e l y , the curves for the conditions I and 0, in which the subjects were given either identity information or orientation information only. Despite the nonlinearity of these functions, we take the very marked increase in reaction time with departure of the test stimulus from its standard upright orientation t o be supportive of the notion that the subject carries out some sort of a mental rotation. In particular, we suggest (a) that, in order to compare a markedly tilted character with the representation of the normal version of that character in long-term memory, the subject must first imagine the tilted character rotated into its upright orientation, and (b) that the greater this tilt, the longer it will take to complete the corrective rotation. Reasons for the nonlinearity of the increase in reaction time that are consistent with this notion of mental rotation will be presented in the theoretical discussion.



Figure 4.5 Mean reaction time as a function of orientation of the test stimulus for those conditions in which advance information, if presented at all, persisted for the maximum duration.



The effect of aduunce information as to identity and/ororientation. We turn, now, to a comparison among all five conditions in which the subjects were given adequate time t o take full advantage of whatever advance information (if any) was provided; namely, conditions N, I, 0,C, and the one Bcondition in which the orientation cue persisted for the full 1000 msec. The five different curves plotted in Figure 4.5 exhibit the dependence of reaction time on orientation of the test stimulus for these five conditions. These results show that the reaction-time curves for the two conditions (I and 0) with advance information as to identity or orientation only--though somewhat lower than the corresponding curve for the condition (N) with no advance information-are never-
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theless relatively close to it in height and, particularly, in overall shape. Moreover, and of central importance, they establish that the reaction-time curve for the condition (B), in which both identity and orientation information were separately presented, is dramatically lower than the other three curves and virtually flat. Another aspect of the present results, not shown in Figure 4.5, is that the response used to signal that the test stimulus was the normal version of that character was consistently faster than the response used to signal that it was the backward version of that characterby a difference that was essentially constant over all conditions and orientations and that ranged from roughly 1 0 to 150 msec, depending on the particular subject. On the bas~sof other' experiments in which the functions of the two hands have been systematically interchanged, it appears that the factor of overriding importance is the subject's choice of what to test for f i t (in this case, normalness or backwardness), rather than the particular hand that is then set to register a positive outcome of that test (cf. Clark & Chase, 1972; Trabasso, Rollins, & Shaughnessy, 1971). The present results indicate three further things: First, relative to the condition in which no advance information is provided (N), the conditions in which either identity or orientation information is supplied (I or 0) tend to produce reaction times that are shorter by a constant amount (roughly 100 msec), regardless of the orientntion of the test stimulus. Second, the curve for the condition with both kinds of advance information presented separately (B) achieves a close approximation t o a completely flat function. And third, by comparison with the new condition in which complete advance information was presented in combined form (C), we can now conclude that the internal representation that the subject constructs on the basis of separate information about identity and orientation (in condition B) is just about as efficient a mental template as a memory image of the rotated character itself (in condition C). The effect of varying the duration of the orientation information. We turn now to a consideration of the remaining three B-conditions. In these conditions the duration of the advance information as to orientation was reduced (from the full 1000 msec) to values of only 700, 400, or 100 msec. The mean reaction times for these conditions (again averaged over all correct responses to both normal and backward stimuli) are plotted as a function of the orientation of the test stimulus in Figure 4.6. For purposes of comparison we also include the limiting reference or control conditions I and C already shown in Figure 4.5. As before these group curves are highly reliable and representative of the curves for individual subjects. ~



~



!I



ROTATION O F LETTERSINUMBERS



Group Data iN=81 0 100 mrac. A 400 mrsc.



A



II



.



8-2



300



360



0



.



700 m s c . 1WOme. m-.:.*.



:-.



i i I



i



b



0



60



I



I



I



120



180



240



ORIENTATION OF TEST STIMULUS [DEGREES. CLOCKWISE FROM UPRIGHT1



Figure 4.6 Mean reaction time as a function of orientation of the test stimulus for those conditions in which identity information was provided.



Comparisons among these curves enable us, for the f i s t time, to make some quantitative inferences concerning the t i e that it takes to prepare for a stimulus that is about to appear in some rotated orientation. From the flatness of the function for the 1000msec. B-condition, we know that this process of preparation can generally he completed within one second. However, when the duration of the orientation cue is reduced to 700 msec, apronounced peak in the reaction-time function emerges at 180°, indicating that on the average the discriminative response to the ensuing test stimulus takes over 200 msec longer whenever that test stimulus appears in an inverted position. When the duration of the orientation cue is further shortened to 400 msec. the reaction times increase
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by another 200 msec at 180°, and also by some 80 msec at 60' on either side of 180". Finally, when this duration is cut down t o only 100 msec, the reaction times are essentially identical, at all orientations, to the reaction times when only identity information is provided (Condition I). FoUowing the experiment, the subjects themselves offered explanations for their reaction times under these B-conditions. Their explanations ran along the following lines: When the duration of the orientation cue was reduced below a second (e.g., to 700 msec), they were often unable to rotate their mental image of the anticipated stimulus around to 180" before that stimulus actually came on, although they usually were able to complete rotations of only 60' or even 120'. When the duration was further reduced (e.g., to 400 msec.), they were almost never able to get to 180" before the onset of the test stimulus and, now, often failed even to reach 120'. Finally, they reported that a duration of only 100 msec. was generally of no use at all, for by the time they were able to interpret the orientation cue, they had discovered that the test stimulus itself had already appeared. Results for individual subjects. When we turn from the average reaction times for the group of eight subjects as a whole (Figures 4.5 and 4.6) t o the corresponding reaction times for individual subjects, we immediately discover that there were stable and very substantial differences among subjects in their mean reaction times. However, these differences were very pronounced only for those conditions that tended to produce long reaction times; they all but disappeared for the conditions (B-1000 and C) in which complete advance information was furnished. Thus for the most difficult case in which no advance information preceded a completely inverted test stimulus (condition N at 180°), the mean reaction times varied over a more than twofold range, from just under 700 msec for the fastest subject to just over 1700 msec for the slowest. At the same time, though, the reaction times for the 1000-msec. Bcondition (averaged over all orientations) ranged only from about 350 msec to a little under 500 msec for these same two suhjects. It appears that the average rate of mental rotation (which can be very roughly estimated as 180" divided by the difference between the reaction time at 0" and 180' under the N condition) varied from something like 800" per second for the fastest subject to something like 164' per second for the slowest. However, when subjects are already prepared with an appropriately oriented image of the upcoming stimulus (as in conditions B-1000 and C), these very different individual rates of mental rotation are not mvolved.
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Consequently, in these conditions most subjects respond with approximately equal rapidity-within some 350 to 500 m ~ e c . ~ If now we plot entire sets of reaction-tie curves corresponding to those already displayed for the group of eight subjects as a whole (in Figures 4.5 and 4.6), we find that despite these enormous individual difference~in average reaction time, the shapes and relational pattern of the curves are strikingly constant from subject to subject. Athough we have examined these curves for all eight subjects individually, it appears impractical to present them all here. Instead, we present complete sets of curves for just two representative subjectsnamely, the one with the shortest and the one with the longest overall average reaction t i e . The pattems exhibited by these two appear to us to be typical of the pattems exhibited by the other, intermediate subjects. The individual curves for these two extreme subjects are all displayed in Figure 4.7. The plots on the left, which correspond to earlier Figure 4.5, are for the conditions in which the advance information (if any) persisted for its maximum duration. The plots on the right, which correspond to the earlier Figure 4.6, are for all conditions in which identity information was provided (including those in which the advance information as to orientation was reduced in duration). The two upper plots are for the subject whose responses were, on the average, the quickest. The two lower plots are for the subject whose responses were, on the average, the slowest. Because the longest mean reaction times for this second subject were over twice as long as the longest mean reaction times for the f i s t subject, the vertical scales in the two lower plots have been linearly compressed with respect to the vertical scales in the upper plots. Note, particularly, the extreme flatness of the curve produced by the faster subject under the B-1000 condition. Various statistical analyses confirmed (a) that all eight suhjects showed significant effects of duration, orientation, and interaction between duration and orientation, but (b) that there was no significant difference between the shapes of the flat reaction-time functions for conditions B-1000 and C or between the shapes of the peaked reaction-time functions for conditions N, I, and 0.4 Distributions of reaction times under different conditions. So far we have been concerned with just the means of the distributions of reaction times for different conditions and orientations (whether for individual subjects or for the whole group). An examination of the entire distributions can provide additional information relevant to notions about what k i d s of processes are going on within individual subjects. Although we have surveyed the computer-plotted distri-
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Figure 4.7 Mean reaction time as a function of orientation o f the test stimulus for two individual subjects-the fastest subject (upper panels) and the slowest subject (lower panels). Left-hand panels correspond to the gmup functions displayed in Figure 4.5, and right-hand panels correspond t o the group functions displayed in Figure 4.6.



butions for all eight subjects, under all eight conditions, at each of the six orientations, it is impractical to display all 384 of these individual distributions here. Comparisons among the distributions obtained from different subjects indicated, however, that the eight subjects could be divided into a group of five subjects with relatively long reaction times and a group of three subjects with relatively short reaction times. Moreover, distributions plotted for either group as a whole then turned out to be reasonably representative of all subjects within that group. Among all 48 combinations of condition and orientation, the most informative cases appeared to be (a) those in which the test stimulus came on, essentially without advance information as to orientation, at each of the four degrees of departure from upright, OD, 60". 120°, and 180" (whether in the clockwise or
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counterclockwise direction); and (b) those in which the test stimulus came on at 1800, but following periods in which advance information as to this orientation had been presented for 100,400, 700, or 1000 msec. Distributions of the fist sort are displayed in Figure 4.8. In order to obtain relatively stable shapes, each curve is based upon the pooled data for the two essentially equivalent conditions I and B100 and for all (three or five) subjects within the indicated group (fast or slow). The distributions for the three "fast" subjects (shown by solid lines) are relatively compact and symmetrical. The distributions for the five "slow" subjects (shown by dashed lines) tend to be somewhat broader (particularly at 120' ). For both groups of subjects, the distributions shift to the right and become broader as the test stimulus departs more and more from upright. This rightward shift is considerably more marked for the five slower subjects. Perhaps what most characterizes these slower subjects, then, is a slower speed of mental rotation. The second set of distributions of interest includes those for reaction t i e to a completely inverted test stimulus following various durations of advance information as to the 180" orientation. These distributions are displayed in Figure 4.9, for the three fast subjects, and in Figure 4.10, for the five slow subjects. Again, these pooled distributions, though slightly broader, appeared to be quite representative of the distributions for individual subjects from each group. At the top of these figures we see that when the orientation information was available for a full second (B-1000), the reaction-time distribution was quite compact, sharply peaked and, indeed, very similar in shape to that obtained under Condition C (in which the preparatory image had already been rotated for the subject). At the bottom we see that when the orientation information was available for only a tenth of that time (B-loo), the distribution was shifted markedly to the right, spread out, and similar in shape to that obtained under Condition I (in which there was no orientation information). As in earlier Figure 4.8, this shift to the right was much greater for the slower subjects-which we should expect if their longer reaction times were due primarily to a slower rate of mental rotation (in this case, of the preparatory image rather than of the test stimulus itself). Here, however, the intermediate cases (B-400 and, for the five slow subjects, B-700 too) yield distributions that are more spread out than the distributions even for the extreme case 5 1 0 0 . We could explain this by supposing that the rate of preparatory rotation is somewhat variable from trial to trial, depending in part upon the particular character to be rotated. (In fact, most subjects reported
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