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Two experiments are reported in which Ss were required to determine whether a random, angular form, presented at any of a number of picture-plane orientations, was a “standard” or “reflected” version. Average time required to make this determination increased linearly with the angular departure of the form from a previously learned orientation. The slope and intercept of the reaction-time (RT) function were virtually constant, regardless of the perceptual complexity of the test form and the orientation selected for initial learning. When Ss were informed in advance as to the identity and the orientation of the upcoming test form and, further, were permitted to indicate when they were prepared for its external presentation, RT for determining the version of the form was constant for all test-form orientations. However, the time needed to prepare for the test-form presentation increased linearly with the angular departure of the form from the learned orientation. It is argued that the processes both of preparing for and of responding to a disoriented test form consist of the mental rotation of an image, and that both sorts of mental rotation (pre-stimulus and post-stimulus) are carried out at essentially the same constant rate.



During the past several years, experimental and theoretical investigation of nonverbal internal representation, particularly mental imagery, has proliferated. The primary focus of this renewed experimental effort has been directed toward questions concerning the functional significance of mental imagery (e.g., Bower, 1972; Paivio, 1971). With the exception of evidence concerning the modality or the coded form of internal representationsderiving primarily from the “selective interference” paradigm (cf., Brooks, 1968; Segal, 197 1; Segal & Fusella, 1970; Segal & Gordon, 1969) and the selective reduction of reaction
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times in matching tasks (cf., Posner, 1969; Posner, Boies, Eichelman & Taylor, 1969)-little indication of the nature or internal structure of mental images has been provided. Recently, Shepard and his associates have initiated a series of reaction-time (RT) experiments which explore the relationship between the structure of internal representations such as mental images and the structure of the external objects to which these internal representations correspond (cf., Cooper & Shepard, 1973a, 1973b; Metzler & Shepard, 1974; Shepard, 1975; Shepard & Feng, 1972; Shepard & Metzler, 197 1). In an initial experiment, Shepard and Metzler (197 1) reported that the amount of time required to determine whether pairs of perspective line drawings were of the same shape increased linearly with the angular difference between the two objects in the pair. The intercept and slope of this linear function were virtually identical for pairs which differed by a rotation in the two-dimensional picture plane and pairs which differed by a rotation about an axis in depth. Shepard and Metzler argued that the task was performed by “mentally rotating” a representation of one object in the pair into congruence with the other object and then checking for a match or a mismatch in shape. For these complex, unfamiliar, three-dimensional stimuli, this process of mental rotation has an average rate of 60”/sec. In further studies of mental transformations of visual stimuli, Cooper and Shepard (1973a, 1973b) reported that RT for discriminating “normal” from “backward” versions of individually presented, rotated alphanumeric characters increased monotonically with the angular departure of the character from the standard, upright orientation. Despite the consistent nonlinearity of the RT functions, Cooper and Shepard suggested that the version of a tilted test character is determined by mentally rotating an internal representation of the character into congruence with a long-term memory representation of the normal, upright version of the appropriate letter or number. The Cooper-Shepard experiments also included conditions in which Ss were provided with advance information concerning the identity and the orientation of an ensuing test stimulus, for a variable amount of time, and were instructed to prepare, during the advance information interval, for the presentation of the test character. On the basis of the RT data, Cooper and Shepard argued that the process of preparation consists of first generating a mental image of the predesignated character and then mentally rotating this image into the predesignated orientation. If given enough time to complete this “preparatory” rotation for the orientation indicated in advance, Ss can use the internally generated and pre-rotated internal representation as a “mental template” against which to compare the external test stimulus rapidly and accurately.
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While the RT experiments discussed above provide much evidence concerning the nature of mental transformations and of the internal representations being transformed, several problems remain unclarified. The first problem concerns the relationship between pre-stimulus or preparatory mental rotation and post-stimulus rotation (i.e., rotation of a transformed test stimulus in the absence of preparation). Cooper and Shepard (1973b) proposed that both processes involve the rotation of a mental image and, hence, should be carried out in the same manner and at the same rate. The evidence for this proposal was not conclusive, for in the Cooper-Shepard experiments a direct measure of the time required to complete preparatory mental rotations was not obtained. Experiment II reported here was designed to explore further the process of preparing for a rotated test stimulus and its relationship to poststimulus mental rotation by providing direct estimates of the time needed to carry out both internal processes. A second unresolved matter concerns the nonlinearity of the RT functions obtained in the experiments with alphanumeric stimuli. Cooper and Shepard (1973b) have suggested several possible explanations for the nonlinear effect of test-stimulus orientation on RT, all of which are consonant with the notion that a mental rotation is carried out in order to determine the version of a tilted test character. Experiment I reported here was designed to evaluate an explanation which attributes the nonlinearity to two related conjectures concerning familiarity. First, alphanumeric characters, which are generally encountered in or close to the conventional upright position, may seem less familiar when viewed at markedly tipped orientations (cf., Egeth & Blecker, 197 1). Second, the rate at which an object can be mentally rotated may increase with the familiarity of that object. Under this account, rotation rate should be slowest for a test stimulus close to an unfamiliar orientation and should accelerate as the stimulus approaches a familiar or learned position. A final unexplored issue concerns the relationship between rate of mental rotation and complexity of the internal representation undergoing the mental transformation. Rotation rates estimated by Cooper and Shepard for alphanumeric characters were some six times faster than the 60”/sec rate estimated by Shepard and Metzler for complex perspective drawings. The possibility that rotation rate decreases with increasing complexity of the test form being rotated was evaluated in both experiments reported here by employing stimuli which differ on a well-defined measure of perceptual complexity. The implications of the complexity manipulation for the nature of the internal processes and representations underlying these tasks will be discussed in connection with the experiments.
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Method Subjects



Eight Ss, all students and staff at Stanford University, were paid for their participation in six one-hour experimental sessions. Six of the Ss were male, two Ss were female, and one male S was left-handed. Three of the Ss had participated in pilot work for this experiment (cf., Cooper, 1973).



The stimuli were the eight random shapes illustrated in Fig. 1. These angular forms were generated by Attneave and Arnoult’s (1956) Method I for the construction of random nonsense shapes. The particular forms used as stimuli were selected from a set of shapes which Vanderplas and Garvin (1959) reported to be low in verbal association value. Studies of rated complexity of forms generated by this method indicate that judged perceptual complexity depends strongly upon the number of points which determine inflections on the perimeter of the STANDARD
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form (Attneave, 1957; Attneave & Amoult, 1956; Vanderplas & Garvin, 1959). Attneave (1957) found a linear relationship between the logarithm of the number of points and judged complexity and also reported that the number of points (usually identical to the number of angles in the contour) accounts for 80% of the variance of the ratings. The eight forms depicted in Fig. 1 represent five levels of rated complexitysix, eight, 12, 16, and 24 points. Thus, the stimulus set included one form of the lowest and highest complexity values (forms A and H), and two forms of each of the intermediate levels of complexity (forms B, C, D, E, F, and G). Different Ss learned to discriminate “standard” versions of the forms from “reflected” or mirror-image versions (cf., Fig. 1) at different previously determined training orientations. The training positions were six equally-spaced orientations about a circle in the picture plane. For standard versions of all forms, the six training orientations consisted of angular departures of 60” steps of clockwise rotation from the orientation depicted in Fig. 1 (including, of course, the depicted orientation itself). In order to preserve the mirror-image relationship between standard and reflected forms, the six corresponding training orientations for reflected versions consisted of the orientation illustrated in Fig. 1 plus angular departures of 60” steps of counterclockwise rotation from this orientation. In order to control for particular characteristics of certain training orientations (e.g., natural alignment of major contours of the forms with respect to a two-dimensional frame of reference), training orientation was varied over Ss. Three Ss had participated in pilot work in which a subset of the forms had been presented in the orientation illustrated in Fig. 1. Hence, all three Ss were assigned to this orientation for initial training. The other Ss were assigned randomly to the five remaining orientations. The forms were presented in an Iconix three-field tachistoscope and appeared centered within an illuminated circular field with a black surround. The forms themselves subtended a visual angle of about 2”, and the circular aperture in which they appeared subtended an angle of 4”. Luminance of all fields of the tachistoscope was about 20 ft-L. Procedure During the first experimental session, Ss learned to discriminate standard from reflected forms at the appropriate training orientation only. Each S was permitted to study a visual display containing drawings of the eight forms, in both standard and reflected versions in the training position only, for about ten minutes. Individual forms were then pre-
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sented tachistoscopically (in the training orientation only), and the S was required to determine as quickly as possible whether each form presented was a standard or a reflected version. “Standard” responses were signaled by pushing a right-hand button, and “reflected” responses were signaled by pushing a left-hand button. This response assignment was reversed for the one left-handed S; thus, the preferred hand was always used to signal “standard.” A two-second gray warning field preceded the presentation of the test form, and the S’s button-pressing response terminated the visual display. Between trials the E changed stimuli and recorded RT and errors. For each S, each of the eight forms was presented in both standard and reflected versions ten times, for a total of 160 training trials. Sessions two through six were test sessions. At the beginning of each such session, the S was familiarized with the forms by means of a small set of training trials consisting of two presentations of both standard and reflected versions of each of the eight forms at the trained orientation. Subjects were required to discriminate standard from reflected versions, and RT’s were recorded. During the remainder of each session, the same eight forms were presented, but each form could appear in any of six possible orientations about the circle. The six orientations were equally spaced and consisted of the trained orientation plus 60”, 120”, 180”, 240”, and 300” angular departures of clockwjse rotation from the trained orientation. Regardless of the orientation at which each test form appeared, Ss always had to determine as quickly as possible whether the form was a standard or a reflected version. As in the training session, choice responses were registered by pushing a right- or left-hand button. On each of the five test days (in addition to the initial relearning trials) each S saw each of the eight forms in both standard and reflected versions twice at the trained orientation, twice at the orientation departing 180” from the trained orientation, and once at each of the four other orientations. These unequal probabilities of appearance were designed to yield an equal number of observations at each angular departure, collapsed over clockwise and counterclockwise directions, from the trained orientation. Thus, each test session consisted of 32 retraining trials and 128 test trials. The order of test trials was randomized anew for each session within each S. Trials on which errors were made were retaken within the same session in order to obtain a complete set of error-free data for each S. Session two, the first of the five test sessions, was considered a practice day. The data from this session were not included in the analysis. Consequently, the complete set of test-session data consists of 5 12 errorless RT’s for each of the eight Ss.
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Results



Figure 2 illustrates mean RT (averaged over Ss, forms, and sessions) for correctly determining the version of rotated test forms. Although error RT’s are not included in the mean RT’s in Fig. 2, error rates are plotted as a function of angular departure from the trained orientation and standard versus reflected versions. Since individual Ss learned the forms in different positions, the 0” orientation does not correspond to any unique position of the forms. In addition, clockwise and counterclockwise departures from the trained orientation have been averaged in Fig. 2 and in all of the figures which follow. However, if the RT function is “unfolded” about the 180” point, the shape is remarkably symmetrical (cf., Cooper, 1973). The most striking features of the data presented in Fig. 2 are the linearity of the increase in RT with angular departure of the test stimulus from the trained orientation and the parallelism between the functions for “standard” and “reflected” responses. The greater speed of the “standard” response and the parallelism of the two functions has also emerged in previous studies using alphanumeric stimuli (Cooper & Shepard, 1973b).
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FIG. 2. Mean RT as a function of angular departure of the test form from the trained orientation for the group data from Experiment I. “Standard” and “reflected” RT functions are plotted separately, and equations for the best-fitting straight lines are shown. Vertical bars about each mean RT represent 2 one standard error of the mean. Error rates are plotted as a function of orientation and version, with solid bars representing “standard” errors and open bars representing “reflected” errors.
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