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This book is primarily a monograph describing the original r e searches of the author. It is centered around a particular device, originally described by Yarbus in 1956. This is an optical system in miniature that can beattachedby suction t o t h e human eye. Many variations of the device-which we have called a "cap" f o r the sake of brevity in this Eslglish edition-are described in detail in this book. One f o r m of the cap is particularly useful in the recording of eye movements; this permits the use of a plane m i r r o r t o achieve an optical lever that writes a continuous record of eye position on the moving film of a photokymograph. Of thegreatest interest, however, a r e caps that support an entire optical system. Attached by suction to the eyeball, such a system moves with i t and hence confronts the observer with a stationary visual field. The consequence is a rapid fading o r disappearance of the contours, colors, o r other features of the field that the author has explored. Thus the book is concerned not only with the recording of eye movements in all their various forms, but a l s o with the consequences of eliminating the effects of eye movements on visual perception. A reading of this book cannot fail to i m p r e s s one with the magnitude of the whole research project. Yarbus has shown extraordinary skill and ingenuity in the construction of delicate optics of sufficiently light weight t o be attached to the eye. The observer's task is not an easy one. In most of the experiments the cornea is anesthetized, the lids taped apart, and the subject trained to inhibit the natural tendency t o move the eyes about. These precautions a r e necessary in o r d e r to keep the suction device from colliding with the lids and thus inflicting injury on the device o r on the eye itself. Although each experiment was necessarily of limited duration, an impressive l i s t of topics was explored. The wide coverage, indeed, testifies to the author's acquaintance with the significant problems of eye movements in their relation to vision. In the field ofpsychology one would perhaps need t o go back
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to the nonsense-syllable experiments of Ebbinghaus to find an experimenter so enthusiastically exploiting a new experimental technique. In all fairness one must recogAize the limitations a s well a s the strengths of Yarbus' work. In fact, the recording of eye movements and the creation of a stabilized retinal image were achieved several years earlier, a s Yarbus himself has acknowledged, inlaboratories in America and England. Plastic contact lenses were used in those experiments. Poorly fitting lenses of this kind exhibit considerable slippage over the eyeball and hence may indeed be inferior to Yarbus' cap in experiments on eye movements and stabilized images, especially if loaded down with relatively heavy optical equipment. While the Yarbus cap has been used in at least one recent study in this country, the majority of investigators now rely upon tightly fitting contact lenses for their work. These havetheadvantage that they can be worn with comfort for the duration of an ordinary experiment without anesthesia, taping of lids, or the risk of corneal abrasion. Furthermore, recent evidence shows that when sufficient attention is given to the experimental conditions, the degree of slippage of a well-fitted contact lens is reduced to an amount too small to be of visual significance. It may well turn out to be true that the Yarbus book has two lasting merits: First, a s a stimulating account of what a single investigator can achieve on the basis of an ingenious experimental technique, and second, a s a rich collection of ideas and observations of visual phenomena that deserve to be explored by future investigators. Lorrin A. Riggs Providence, R. I. June 1967



PREFACE TO THE AMERICAN EDITION The author is pleased to have the opportunity to acquaint the reader with the results of his work, the conclusions of which a r e of fundamental importance to the understanding of certain mechanisms of vision. The results of this work a r e largely due to an original technique, described fully in the book, employing suction devices, or "caps." In the author's opinion, this technique is suitable for use in studying a wide range of phenomena. It would be a source of great satisfaction if this technique were to be adopted in the research laboratory and new and interesting results obtained by its use. It will, of course, be realized that experiments with "caps" a r e rather complex. They require great care and careful preparation in each case. Often the construction of the lenses and the accessories will have to be modified. A jeweller is required to make the very small details of the lenses and to assemble them, and of course this introduces considerable difficulty. However, the author knows of no easier method by which results similar to those described in this book can be obtained. A. L. Yarbus March 1967



PREFACE This book deals with the perception of images which a r e strictly stationary relative to the retina, the principles governing human eye movements, and the study of their role in the process of vision. The book is based on the results of the author's experimental investigations. It is intended for students and researchers in the fields of biophysics, physiology, medicine, psychology, and branches of technology such a s television, motion pictures, and apparatus construction. Much attention is devoted to the description of methods for recording eye movements and methods of producing images stationary relative to the retina. These methods may be of interest to many scientific workers. The investigations were carried out in thelaboratory of biophysics of vision of the Institute of Biophysics of the Academy of Sciences USSR, where they werediscussed by a11the staff. The author would like to emphasize particularly the help he has received for several years from N.D. Nyuberg and L.I. Seletskaya. The valuable advice of M. M. Bongard, A. L. Byzov, and M. S. Smirnov was frequently sought during these studies. Substantial technical assistance was given by V.I. Chernyshov, V. M. Timofeeva, P. N. Efimova, and EN. Salina. The author wishes to take this opportunity to express his sincere gratitude toall these colleagues and to the entire staff of the laboratory.
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Recent developments have shown that our earlier ideas of the role of eye movement were considerably oversimplified. As the following facts will show, the subject a s a whole is far more complex. In man under natural conditions the retinal image is never tionary relative to the retina, and if a strictly stationary and uning retinal image is created artificially, the eye ceases t o see. other words, within any- obj'ect of perception remaining strictly ionary relative to the retina and unchanging in time, after about sec all visual contours disappear (the resolving power of the eye idly falls to zero). t has long been k n o w that an observer begins to s e e the blood els lying on the retina of his own eye when conditions a r e created hich the shadows of the vessels acquire some degree of mobility. riments have shown that for the conditions of perception to be , slight but not excessive continuous o r interrupted movement e retinal image over the retina is necessary, a s a result of which 1ight.acting on the receptors is constantly changing. Electrophysiological studies have shown that a s a rule impulses a r in the optic nerve of many animals only in response to a change the light acting on the retina. ese facts have compelled a r e a s s e s s m e n t of the role of e y e ,I ents and have demonstrated that without an understanding of ole it is impossible to decipher the mechanisms of vision. For reason it has become necessary, on the one hand, to study in il the perception of images strictly stationary relative to the and changing in brightness or color and, on the other, to study rious forms of eye movements. was originally considered that the main function of the eye ents is to retain the object of perception in the visualfield (to the element of the object important for perception in the fovea) to change the points of fixation, thereby widening the total angle 1



INTRODUCTION



of view. Movements of the eyes preventingthe disappearance of visual contours in the stationary object in the process of fixation now appear to be no less important. The second chapter is the most important in the book. Concerned with the perception of objects stationary relative to the retina, it provides a new approach to certain sections of physiological optics, and helps to establish a number of connections and analogies between electrophysiological studies carried out on the retina in animals and studies of human vision. The third chapter discusses the micromovements of the eyes accompanying the process of fixation directed towards a stationary object. This chapter explains how the micromovements of the eyes in ordinary conditions of perception prevent the disappearance of differences in the object during fixation. Changing the points of fixation, convergence and divergence of the optical axes, the pursuit of moving objects, and some cases of assessment of spatial relation' ships a r e accompanied by macromovements of the eyes. Chapters IV through VII explain the role of, and the principles governing, macromovements of the eyes. Without an understanding of the role and knowledge of the principles of not only the micromovements, but also the macromovements of the eyes, the work of the We shall refer to eye retina cannot be completely understood. movements also when we speak about the structure of the eye and when we examine the special features of perception in man. For example, in phylogenesis the mobility of the head and eyes of some animals made possible the appearance of a fovea and introduced considerable refinement into the process of vision. These refinements a r e important because objects providing essential information a r e by no means uniformly distributed. Usually they a r e localized in small areas of the field of vision. In these circumstances the peripheral portion of the retina usually finds the object or element of an object which contains or may contain essential information, and consequently a process resembling reconnaissance takes place; this information is perceived and analyzed in g r e a t e r detail by means of the foveal part of the retina, when directed towards the object. The f i r s t chapter describes various methods of studying and recording eye movements, and methods for stabilizing the retinal image. When understood., the role of eye movements and the principles governing these movements may help to solve many purely practical problems. Functional disturbances of the central nervous Hystem a r e
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often accompanied by disturbances of various eye movements. The centers controlling the eye movements and the pathways joining these centers to the eye muscles a r e located in various parts of the brain and a r e often adversely affected by pathological foci sintated near these centers. The same is also true of disturbances in the working of the auxiliary systems closely connected with eye movements. Any disturbances of the visual system in diseases of the central nervous system may help to determine both the character of the disease and the localization of the pathologic focus. However, it is not always simple to detect functional abnormality in an organ a s complicated a s the eye. It f i r s t becomes necessary to know what is normal. With respect to eye movements, this problem is far from solution. It is only in recent years that important data have been obtained in this field, and these data have not yet reached the attention of a wide range of readers for whom they would be of considerable interest. It should be emphasized here thatdisturbances of a patient's eye movement can be recorded objectively, and that this procedure is particularly applicable for diagnostic purposes. Knowledge of the principles governing eye movement inthe normal subject may be useful also in ophthalmology. Unfortunately, no systematic redords of eye movements have yet beenmade in the various forms of strabismus, paralyses, and pareses of the eye muscles. It is by no means impossible, for example, that such records could be used to diagnose and to distinguish objectively the treatable and untreatable forms of strabismus. Familiarity with the perception of objects stationary relative t o the retina and changing in color or brightness undoubtedly is useful to the neurologist and ophthalmologist. Disturbances of this perception in patients may also give useful information regarding the character of a disease of the central nervous system or of the eye. In many cases when an investigator is interested'in the problem of perception of complex objects (in normal and pathologic conditions), records of the eye movements would be valuable. In these circumstances, by using such records itwouldbeeasy to determine the order in which an object was examined, what elements were fixated by the subject, how often and for how long a particular element was fixated, and s o on. Records of eye movements illustrate the course of the process of perception. Knowledge of the principles governing eye movements and the properties of perception of images stationary relative to the retina may be used (and sometimes is used) in motion pictures and television,
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in apparatus construction, for the rational arrangement of instruments on panels, for evaluating the possibilities of perception in complex conditions, and s o on.
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METHODS 1. ELEMENTARY FACTS CONCERNING THE STRUCTURE OF THE HUMAN EYE* The outer layer of the eye (Fig. 1)is formed of a tough membrane, the sclera, consisting of firm connective tissue continuous in its anterior part with a transparent membrane, the cornea. The sclera enables the eye to maintain a constant shapeand protects its contents. The same function is served by the cornea, which is also part of the dioptric apparatus of the eye. The membranes of the eye a r e under a certain intraocular pressure. The normal intraocular pressure lies within the limits of 15-30 m m Hg. The dioptric apparatus of the eye, which takes part in the formation , of an image on its inner surface, consists of the cornea, the biconvex transparent lens, the transparent aqueous humor, and the transparent vitreous, filling the eye. This apparatus also includes the ciliary body, which allows changes to be made (by means of the ciliary muscle) in the curvature of the lens surfaces (accommodation)andthe iris, which modifies the diameter of the pupil (the aperture of the diaphragm). Accommodation permits the image to be sharply focused. A change in the size of the pupil leads to changes-in the retinal illuminance and the depth of focus of the optical system. The optical system gives an inverted real image of objects in front of the eye. The diameter of the average eye in allmeridians is approximately 24 mm. Beneath the sclera lies the vascular membrane, consisting of a network of blood vessels supplying the eye. Next to the inner surface of the vascular membrane lies the pigmented epithelium, containing 'Detailed information concerning the structure and function of the eye can be found in the works of Averbakh (1940). Kravkav (1950). Tonkov (1946), and Polyak (1941). 5
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Fig. 2. R d s and cones of the retina. Left, a rod: 1) outer segment; 2) ellipsoid; 3) inner segment; 4) outer limiting membrane; 5) rod fiher; 6) nucleus: 7) Terminal bouton. Right. a cone: 1) outer segment; 2) ellipsoid; 3) inner segment; 4) outer limit= membrane: 5) nucleus; 6) cone fiber; 7)cone foot-plate (Averbakh. 1940).
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a dark pigment. Beyond the layer of pigmented epithelium is the innermost layer which directly receives the photic stimuli, the retina. Schematically, the retina can be divided into two zones: a photosensitive zone facing the vascular membrane, and a neural zone, facing the vitreous. The thickness of the retina in its central part, the macula lutea, is about 0.1 mm. The photosensitive cells of the retina (receptors) a r e the rods and cones (Fig. 2). The rods a r e much more sensitive to light than the cones. At very low levels of illumination only the rods function, and they a r e associated with the mechanism of twilight vision. The rods contain a photosensitive pigment with a maximum spectral sensitivity a t a wavelength of 510 mi/ The cones contain three photosensitive pigments with spectral sensitivity maxima a t wavelengths of 440, 540, and 590 mp (Fig. 3). The cones a r e associated with the mechanism of color vision. T h e point of entry of the optic nerve into the eye has no rods or cones. We cannot see with this part of the retina, and it is therefore called the blind spot. The point of clearest vision is the macula lutea. It lies on the temporal side, slightly above the point of entry of the optic nerve (Fig. 1). The macula lutea is yellow and occupied mainly by cones. The angular dimension of the macula lutea is approximately 6-7". Within the macula lutea lies the fovea centralis, the part of the retina with the highest resolving power. The diameter of the fovea centralis is about 0.4 mm, i.e., about 1.3'. The middle part of the fovea centralis (the foveola) is pigmented less than the other parts of the macula lutea. The fovea centralis is slightly displaced from the , optical axis of the eye. In the human retina there a r e about 130 million rads and about 7 million cones. The distribution of the rods and cones in the r e t h is indicated in Figs. 4 and 5. The diameter of the inner segment of
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'?z 20 08 16 14 (2 I0 8 6 4 2 0 2 4 6 8 10 12 14 18 Fig. 4 . Distribution of rods and cones in the retina. Abscissa-the distance (in mm) from the middle of the fovea centralis (the foveola) along the horizontal s e a i o n of the right eye. Ordinate-the number of hundreds of rods and cones per mm2. The broken line represents rods and the solid line cones (Oesterberg,1935).



the rod is about 0.002 mm. The diameter of the inner segment of the cones varies with the position in the retina from approximately 0.002 to 0.007 mm. The cones in the central part of the retina, where the distance between the centers of the cones is about 0.0025 mm (0.5 minute of angle), a r e longer and thinner than in the peripheral part. The resolving power of the eye is maximal a t the fovea centralis and gradually diminishes towards the periphery. The relative visual acuity in relation to the position of the image on the retina is shown in Fig. 6. The structure of the retina is very complex (Fig. 7). Morphologists (Polyak, 1941) have distinguished the following 10 layers in the retina: 1, the pigmented epithelium; 2, the layer of outer and inner segments of rods and cones; 3, the outer limiting membrane, intersected by the rods and cones; 4, the outer nuclear layer containing the nuclei and fibers of the rods and cones; 5, the outer plexiform layer; formed by a plexus of endings of the photoreceptors with the fibers of neurons of the next layer; 6, theinnernuclear layer of bipolar cells, horizontal and amacrine; 7 , the inner plexiform layer, consisting of a plexus of endings of the neurons of layer 6 with the endings of the ganglion cells; 8, the layer of ganglion cells; 9, the layer of fibers of the optic nerve; and 10, the inner limiting membrane. The bipolar cells a r e of several types, differing in morphological structure and inmode of communica-
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tion with other neurons. The same is true of the ganglion cells. The final centers of vision a r e the occipital lobes of the cerebral cortex, on both lips of the calcarine fissure. The part of the optic pathway from the eye to the chiasma (the point of partial decussation of the optic nerves) is called the optic nerve. The optic nerve, about 5 cm long and about 4 mm2 in cross section consists of approximately 1million nerve fibers. There are, on the average, about 150rods andcones to each fiber. At the chiasma the optic nerve divides into two parts (Fig. 8). The fibers running from the nasal half of the retina proceed to the opposite cerebral hemisphere; fibers arising from the temporal half of the retina proceed to the hemisphere on the same side. Therefore there is an incomplete decussation of the optic nerves in the chiasma. The optic nerve fibers forming the optic tract then run to the subcortical visual centers (the pulvinar of the thalamus,theanterior colliculi, the lateral geniculate body). From the intermediate centers, nerve fibers known a s Gratiolet's fibers run to the terminal visual centers. After reaching the geniculate body, some fibers continue tothe temporal region of the brain. Injuries to the brain and corresponding disturbances of the visual fields of the eye have demonstrated the connections between various parts of the retina and the cerebral cortex. This projection of the retina on the cortex is illustrated in Fig. 9. The position of the eyes in the orbits is shown schematically in Fig. 10. Under normal conditions eyemovements cause practically no displacement of the center of the eye relative to the orbit. All movements of the eye amount to its rotation about a certain center lying inside the eye on the optical axis. The distance between the ,LO
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Fig. 5. Relative distribution of rcds andcones in the retina. 1) Mosaic of cones in the center of the fovea; 2) rods (small dots) andcones (large dots) 0.8 mm from the center of the fovea: 3) rods and cones 3 m m from the center af the fovea (Averbakh, 1940).
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Fig. 6. Relative visual acuity depending on the position of the retinal image of the retina (Jones and Hlggins. 1947).
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muscles possess the thinnest fibers. The eye muscles a r e very profusely innervated by motor and sensory nerve fibers (Duke-Elder, 1932; Fulton, 1943). The eye muscles a r e innervated by the oculomotor, trochlear, and abducens nerves. The trochlear nerve supplies the superior oblique muscle and the abducens nerve the lateral rectus. The oculomotor nerve innervates all the other muscles of the eye, including the ciliary muscle and the muscles responsible for changing the size of the pupil. All these nerves arise in the lower part of the brain in the floor of the 4th ventricle, in the region of the corpora quadrigemina, pons, and medulla.



2. STUDY OF EYE MOVEMENTS BY MEANS OF AFTER-IMAGES Modem methods of recording eye movements and of creating a stabilized retinal image a r e by no means perfect. Frequently, when new methods a r e being developed, long established methods a r e used. In some cases, even complicated problems can be solved by the use of "forgotten" techniques. This suggests thatashort historical review of methods related to this theme would be worth while. Flg. 7. Scheme showing the structure of the retma. I, 11, and 111. Fxrst, second, and third neurons. A sustentacular fkber of Miiller is shown on the rlght (Kravkov, 1950).



apex of the cornea and the center of rotation of the eye is approximately 14.5 mm. Rotation of the eye aroundthis center is performed by three pairs of muscles (Fig. 11). These muscles (named in accordance with their position) a r e : the lateralandmedial rectus muscles; the superior and inferior rectus muscles; and the superior and inferior oblique muscles. The four rectus muscles a r i s e by tendons in the depths of the orbit. They a r e all attached to the eye several millimeters from the edge of the cornea. The inferior oblique muscle runs from the anterior part of the orbit laterally and winds around the.eye to which it is attached posteriorly. The superior oblique muscle arises in the depth of the orbit, runs forward, passing over a special pulley, turns posteriorly and laterally, and is attached to the postero-superior part of the eye. The intermediate space between the eye and its orbit is filled with orbital fat, on which the eye rests. In addition, the eye is maintained in position by special ligaments. The work o f ' the muscles during rotation of the eye is fairly complex. The action of the individual eye muscles is shown schematically in Fig. 12. Of all the voluntary muscles in the body, the eye



Fig. 8. Scheme showing the optic pathways and centers. 1) Field of vision: 2) cornea; 3) retina: 4) chiasma; 5) subcortical visual centers; 6) Gratiolet's fibers: 7) visual cortex. k f e c t s arising in the visual field after injuries to the optic pathways are indicated on the right. The blind a n a inthevisualfield i s shaded. The poim of injury i s denoted by a stroke and letter on the figure on the left (Kravkov, 1950).



Fig. 11. Scheme showing the muscles of the eye. 1) Superior rectus muscle: 2) inferior rectus muscle; 3) Lateral rectus muscle (medial rectus lies symmetrically opposlte bur cannot be seen on the drawing); 4) superior oblique muscle; 5) inferior oblique muscle.



Several experimenters (Dodge, 1901;Helmholtz. 1925; Duke-Elder, 1932; Barlow, 1952; andothers) have studied the character of eye movements by the use of after-images. Eyemovements were studied in the



Fig. 9. PraFcnon of visual f ~ e l don the cerebral cortex. The numbers denore degrees (Holmes. 1918).



process of fixation, in the process of changing points of fixation, and during examination of complexobjects. With the introduction of modern flash lamps, this method of producing after-images has become much more refined. The blinding brightness and short duration of the flash (less than 0.001 sec) make it possible to produce long after-images of great sharpness. Let us examine a well known method of observing the movement of the eye itself in the process of fixation. The experimenter produces a clear after-image (reference mark) projected on the fovea and shaped like a cross, a line, or a small triangle. The observer then fixates on a point on a screen, which is either a sheet of graph paper or paper on which a grid has been drawn. During fixation, the observer at the same time watches the movement of the reference mark relative to the point of fixation and to the grid of the screen and notes the trajectory followed by the mark during a particular period of time. o. inf



+-,



Right eye



Fig. 10. Scheme showing the positions of the eyes in the orbits (Duke-Elder, 1932).



Left eye



Fig. 12. Direction of action of the individual eye muscles. Broken line-veriical meridian of the eye; black circle-pupil: r. at.-lateral rectusmuscle: r. in[.-medial rectus muscle; r. sup.-superior reetus muscle; r. inf.-inferior recNs muscle: 0. sup.-superior oblique muscle: o. id.-inferior oblique muscle (Kravkov. 1950).
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Since the after-image is strictly stationary relative to the retina, the apparent movement of this image on the screen corresponds directly to the movements of the eye. Knowing the distance between the eye and screen, it is easy to calculatethe size of the division on the grid of the screen in angular values, and to determine the eye movements performed during fixation with roughaccuracy. Inthis case the sharpness of the after-image is very important. The smaller the reference mark and the sharper it appears to the eye, obviously the greater the accuracy with which its movement on the screen can be determined. Another method of studying eye movements in the process of fixation i s a s follows. The observer fixates on a point placed a t the center of a narrow slit. A flashlamp is placed behind each half of the slit. The flash lamps a r e switched on consecutively a t a predetermined interval, equal to some fraction of a second. In these circumstances after-images appear from each half of the slit. As a result of the eye movements in the interval between two flashes, the two halves of the after-image usually appear displaced relative to each other. From the magnitude of this displacement, the experimenter can judge the magnitude and character of the eye movement during fixation. Observations on the large eye movements during examination of an object can be conveniently made by means of an after-image in the shape of a circle projected on the fovea. Knowing the angular size of the circle, and memorizing its positiononthe object during perception, the observer can judge approximately with which parts of the r e t i k he looks a t a particular element of the object and what information is oljtained in this process. The general character of eye movements during examination of stationary objects, the jerkiness of these movements in particular, has been studied in the past (Landolt, 1891) a s follows. The observer sits in a dark room and a weakly illuminated object is placed in his field of vision, while against this background, oralongside it, is placed a small but very bright source of light. The observer looks a t the object or traces its outline with his eye for a certain period of time, 'after which 'the light is switched off. From the series of after-images produced by the bright source of light, the observer can judge the character of the eye movements. Each separate after-image corresponds t o a point of fixation; each interval between two neighboring points of fixation corresponds to a change of the points of fixation. Eye movements during a change in points of fixation have been studied by several authors (Lamansky, 1869; Cobb and Moss, 1925) by means of a bright flashing source of light. The light source, flashing a t a frequency of several hundred cycles per second was placed
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between two points of fixation. During change in the points of fixation, a s a result of the flashes of the source of light and the eye movements, a series of images of the source of light was obtained on the retina; subsequently, after the light was extinguished, these were perceived by the observer as a chainofafter-images. Since the observer always knew the flash frequency, the number of after-images and the angle between the points of fixation, he could determine the time of alternation of the points of fixation. Several authors (Loring, 1915) also used after-images to find rotary movement of the eye around the optical axis. Here, the afterimage (a cross) was projected by the observer on a screen with a grid of horizontal and vertical lines. The observer chose the point of fixation and put his head ina pasition in which the lines of the cross were parallel to the lines of the grid. He then performed a movement with his eye and remembered when and approximately a t which angle the lines of the cross changed their direction relative to the grid on the screen. The visible rotationof the cross relative to its own center corresponded to the rotation of the eye relative to the axis of vision. If an observer looks a t a very bright white field through a red filter, and the red filter is then changed f o r a violet (or the whole procedure is performed in the opposite order), each time, shortly after the change of filter, he can s e e the fovea of the opposite eye in the form of a tiny star. By fixating on a point on the briglit field and memorizing the movement of the fovea, in these circumstances, the observer can obtain some idea of the eye movements during fixation. As a result of adaptation, prolonged fixation onany object composed of contrasting elements separated by sharp boundaries leads to appreciable diminution of the sharpness of the visible differences in color between the elements. Under these circumstances, however, a s a result of small eye movements, sharp bands appear a t the border between the elements of the object. Fromthe way imwhich these bands appear and from their width, some, idea may also be obtained of the eye movements during fixation. Today eye movements a r e rarely studied by means of after-images because more refined methods have been developed. This does not mean, however, that after-images have now served their purpose a s a method of investigation and will never again be used in laboratory practice. Let me give a few examples. First, after-images may he used whenever an experimenter is interested in the perception of objects stationary relative to the retina (after-images a r e always stationary relative to the retina), for example, the perception of the shape or proportions of an object in
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conditions when the subject cannotuseeyemovement,or the perception of optical illusions in the same conditions, and s o on. If an intracranial tumor has deprived a patient of half his field of vision (hemianopsia), several autliors have suggested that a 'pseudofovea"' may appear within the functioningpartof the retina of each eye. To localize this point, and to trace its evolution, it is best to use after-images. An experiment in this case could be conceived a s follows: the patient i s asked to fixate on the center of a geometrical figure (for example, several concentric circles). Next, by means of a flash lamp the patient is made to develop an after-image of this shape. Naturally, the patient sees only part of the shape a s the afterimage-the part on the functioning half of the retina a t the time of fixation on the center of the figure. If the patient fixated by the use of the pseudo-fovea, this part would be greater than half and the corresponding difference (the difference between the visible part and half the figure, measured in angular units) would showhow far the pseudofovea was shifted relative to the center of the retina. The apparent size of the after-image, like the apparent size of the real object, is determined by severalfactors,andabove all by the size of the retinal image. It changes appreciably with a change in convergence and accommodation, and with considerable deflection of the gaze up or down. Since the retinal image corresponding to the afterimage remains strictly unchanged the whole time, the after-image is a convenient test for the influence of various factors accompanying perception and changing the apparent size.



3. DETERMINING THE MAGNITUDE O F INVOLUNTARY EYE MOVEMENTS DURING THE P E R C E P T I O N O F SMALL OBJECTS When examining an object, determining its proportions, counting the elements of an object, and s o on, we usually use eye movements and voluntarily change the points of fixation. It has been found that if an observer cannot use voluntary eye movements, the solution of certain problems of perception (determination of proportions, comparison of areas, counting large numbers of small elements, and s o on) becomes difficult, even when the corresponding retinal image is completely within the .fovea and, consequently, all elements of the object a r e clearly seen. There a r e anumber of methods by which eye movements can be excluded artificially during perception. Under certain conditions, a similar situation may even arise in a normal subject. During fixation directed towards a stationary object, the
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human eyes involuntarily perform small, jerky movements. If the angular dimensions of the object a r e smaller than these movements, the observer cannot make out the various elements separately, using voluntary eye movements. The solution of these problems under such conditions presents considerable difficulties. The fact that such difficulties can arise has been used by several workers to determine the magnitude of the involuntary eye movements during fixation. Landolt (1891), in an attempt to determine the smallest angle of the voluntary eye movement, i n s t ~ c t e da subject t o count a number of vertical lines forming a regular series. The lines were placed f a r enough away from the subject so that he could not count them but near enough so. that be could clearly distinguish them. Landolt believed that the difficulty experienced by the subject in counting the lines corresponded to a situation in which voluntary eye movements were impossible. This method cannot, of course, compete with modern methods allowing eye movements to be recorded objectively.



4. EARLY METHODS O F STUDYING PERCEPTION O F OBJECTS STATIONARY RELATIVE T O THE RETINA



In 1804, Troxler found that objects visible to the periphery of the eye disappear during careful fixation onacertainpoint. This phenomenon was called Troxler's effect (Clarke, 1960). The first correct interpretation of this effect was evidently given by Adrian (1928). By using the results of electrophysiology (in most animals, impulses appear in the optic nerve only in response to a change in the light acting on the retina), Adrian suggested that the human eye also stops working under conditions where the retinal image is unchanged and stationary. Adrian himself tried by very careful fixation to obtain disappearance of visible differences within an object, on one point of which he fixated. In certain conditions he could do this for a short time, but these experiments were notvery convincing. However, there a r e several well known methods by which this property of human vision may be illustrated. We know that large blood vessels run along the inner surface of the retina. Although these a r e not usually seen, conditions can easily be created in which the shadows of these vessels become visible on the retina. If these shadows continually change their size or position, they will be continually and clearly seen by the observer. Of the experiments of this series, the following is the most effective procedure.
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An observer in a dark room takes a bright-point source of light in, let us say, his right hand and holds it in front of him below the level of the eyes. With his left hand, he covers his left eye and with his right eye he looks a t a large dark screen o r a t the wall. The observer then makes a continuous waving movement with his right hand during which the moving source of light is always visihle t o the eye a t the extreme periphery of the retina. Under these conditions sharp outlines of the eye vessels appear, and they seem to the observer to be projected on the screen. As soonas the observer stops moving the source of light (i.e., the movement of the shadows of the vessels), the vessels disappear within 1-2 seconds, but reappear whenmovement of the light source is resumed. I will mention one further method by whichan observer can see the vessels of his eye. An opaque diaphragm with a very small aperture (for example, a piece of blackpaperpiercedby a fine needle) is placed in front of the eye, near the cornea. m e observer looks through the aperture at a bright screen and at the same time gives the diaphragm an oscillatory movement of small amplitude. The movement of the aperture in front of thepupil causes excursions of the rays of light over the retina, and this inturncausesmovementof the shadows of the vessels and their appearance in the field of vision. The vessels a r e seen much better if the pupil is artificially dilated before the experiment. Even with the most careful fixation on a point, it is impossible to obtain the complete disappearance of the visual contours, usually because of involuntary movements of the eyes and head. However, there i s one very simple experiment which demonstrates this possibility. The observer sits on a chairnearalamp and sticks a few small pieces of paper of different colors to the right half of his nose, to that part which can easily be seen with the right eye. He then rests his elbows on the chair a r m s , covers the left eye with theleft hand, and uses the right hand a s a chin rest. He then chooses a point of fixation on the chair s o that it lies next to the pieces of colored paper sticking to his nose. At a certain moment,afterashort period of fixation, the visible part of the nose and the brightly illuminated pieces of paper completely lose their color and appear a s a uniform dark grey field. A slight movement of the eye instantaneously restores the disappearing differences. The relative ease with which in this case success can be obtained is explained by the fact that, because of the closeness of the pieces of paper to. the eye, the retinal image is out of focus, and its outlines a r e not sharp. Under these conditions, small movements of the eyes a r e less important. The methods described can supply valuable illustrations when demonstrating the work of the eye.



A general idea of the character of the eye movements can be obtained by direct visual observation of the eye. Some authors Uaval, 1879) used a mirror for this purpose. Observations were made on the image of the eye in a mirror. The experimenter stood behind the subject and did not distract him duringtheexperiment. However, with the unaided eye, the experimenter could observe only large movements. Rotation of the eye through I", and the corresponding movement of the retina through 0.2 mm couldnotbenoticedby the experimenter. Later optical instruments were used to provide a magnified image of the eye, or of part of it, thus increasing the accuracy of the method. Lenses giving the required magnification were used in the study of relatively large eye movements (Newhall, 1928). and a microscope was used in the study of small eye movements or movements duringfixation (Gassovskii and Nikol'skaya, 1941). In the second case the experimenter made observations with the microscope on the movement of a bifurcation of the blood vessels.. Since the ready-made optical instruments were not always satisfactory for these purposes, specially designed instruments were created. Some authors (George, Toren, and Lowell, 1923; Park and Park, 1933) studied the position of the center of rotation of the eye in relation to the direction of fixation. In this work, observations were made on the apex of the cornea by means of special optical instruments. The center of rotation of the eye did nor remain strictly stationary relative to the eye, for during rotation of the eye the apex of the cornea moved over a surface slightly different from that of a sphere. Given this difference for many directions of fixation, it was relatively easy to determine the geometrical localization of the points, from which the position of the corresponding centers of rotation could be determined. Park (1936a, 193613) and Park and Park (1940) used a special goniometer to study eye movements during fixation. The eye movements were studied in connection with the movement of the lens. In the opinion of these authors, fixation on a point is accompanied by continuous movement of the eye and lens. Peckham (193'4) and Ogle, and Prangen (1949) useda stereoscopeand telescopes to study in convergence during fixation on an object. Because of the creation of specially devised optical instruments the method of visual observations is still suitable for the study of certain types of eye movement today. However, the newer methods. wh.ich provide more objective records, have provedmoreaccur'ate and therefore preferable.
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6. MECHANICAL RECORDING OF EYE MOVEMENTS In the past several authors have used methods by which the connection between the eye and the recording instrumentwas mechanical. Three types of these methods a r e known. The first type utilized the convexity of the cornea: the movement of the cornea (like the cam on a camshaft) was transmitted by a lever and balance arm. The fulcrum in which the lever rotated was fixed to the subject's head. One polished end of the lever, under slight pressure, touched the anesthetized surface of the eye. The other end made the record on a moving paper tape. The subject's head was usually held in a headrest. This methodwas used by Ohm (1914, 1916, 1928) and Cords (1927). In the second type, the convexity of the cornea again was used, but this time the. movement was transmitted, not to a lever, but to an elastic rubber balloon filled with air. The balloon was fixed s o that it pressed lightly against the anesthetized surface of the eye. Movement of the eye altered the pressure inside the balloon, and this change was transmitted along a thin tube to the recording system. In the third type of method, small cups resembling contact lenses In. the center of the cup was an aperture or window were used. through which the subject looked a t the object to be perceived. The cup was affixed to the anesthetized eye like a contact lens. A lever or thread was attached to the cup by means of which the eye movements were transmitted to the recording system. Delabarre (1898) and Huey (1898, 1900) used cups made of plaster of Paris, while Orschansky (1899) used aluminum cups. In some experiments Orschansky fixed a small m i r r o r to the cup; he was evidently the first to use a beam of light reflected and projected on a screen to study eye movements. Today mechanical methods of recording eye movements a r e outmoded. Their accuracy is low, and they a r e more complicated than many modern methods.



7. RECORDING EYE MOVEMENTS BY A REFLECTED BEAM OF LIGHT By some means o r other a plane m i r r o r is affixed to the subject's eye. A beam of light is transmitted to the m i r r o r from a source whose diaphragm may contain a narrow slit o r a small hole. The reflected beam is directed to photosensitive material and focused on it in the



form of a bright narrow band (if the record is made on the moving photosensitive tape of a photokymograpb). The reflected light beam reproduces the eye movements and records them on photosensitive material. During the experiment the subject's head is held in a headrest. The lids of the anesthetized eye a r e taped open with strips of adhesive plaster, or the experimenter holds them openwith his hands. Several methods a r e known for affixing a mirror to the eye. Marx and Trendelenburg (1911) glued the m i r r o r to an aluminum cup resembling a contact lens. The cup together with the m i r r o r was attached to the eye like a contact lens. Dohlrnan (1925) used a rubber cup instead of an aluminum one, while Adler and Fliegelman (1934) attached the mirror directly to the sclera of the eye. Riggs and Ratliff (1949, 1950, 1951) used contact lenses to which m i r r o r s were attached. In this case there was noneed to anesthetize the eye. More recently, contact lenses have been used by many workers (Ginsborg, 1952; Ditchburn and Ginsborg, 1953; Riggs, Armington, and Ratliff, 1954; Nachmias, 1959, 1960; Krauskopf, Cornsweet, and Riggs, 1960; Riggs and Niehl, 1960; and others). Contactlenses have been used for monocular and binocular records, and other simple devices, have made possible the simultaneous recording of the vertical and horizontal components of eye movements. Moreover, the contactlens began to be used a s a base unit to which other devices required for solving particular experimental problems or for the development of new techniques were affixed instead of the mirror. Finally, instead of contact lenses, the present author has used small rubber suction cups with mirrors which, by virtue of their very small mass, provided a firm link between the mirror and the eye (Yarbus, 1954). A full description of this method is given below. The method of recording eye movements by a reflected beam of light is the most sensitive of any presently known method. Its great ;drawback is that i t cannot be used when for some reason no apparatus of any kind can be affixed to the subject's eye. Another disadvantage of the method is the creation of distortion in the records (distortion during recording with a reflected beam of light will be considered in detail later). On the question of contact lenses it should be noted that although in many cases they a r e very convenientand in fact irreplaceable, they possess two important disadvantages. The contact lens has a definite mass which, when affixed to the eye, changes its moment of inertia considerably. This modifies eye movements taking place with high acceleration (e.g., voluntary saccadic movements and tremor movements). The second important disadvantage of t h e ordinary
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contact lens is that i t is not firmly joined to the eye. During a fast movement, the contact lens is displaced very slightly,sliding over the eye surface.



8. STUDY OF EYE MOVEMENTS BY STILL AND MOTION-PICTURE PHOTOGRAPHY Many authors have used motion-picture and still photography to study eye movements. In methods of this type, the eye movements were judged from the consecutive movement of images of a particular element of the eye relative to a reference point that was firmly affixed to the subject's head. In some methods in which good fixation of the head was achieved, the initial position of the eye itself was taken a s the point of. reference. Dodge and Cline (1901) were evidently the first to make photographic studies of the eye in movement. They photographed the eyes on a still photographic plate and obtained a series of images of the eye displaced relative to each other and corresponding to a condition of individual fixations. Analysis of this film gave a n idea of the character of the eye movements. . A more refined method was used by Judd, McAllister, and Steele (1905). They took sequential photographs (about nine frames per second) of the eye and part of the face. A small spot of Chinese white was placed on the cornea. The subject's head was held in a headrest, and two small shiningballs were affixed to it; since these fell within the exposure field of the objective lens, they were photographed in each frame and could be used a s theoriginof the coordinates. The position of the white spot reiative to this origin of the coordinates was determined in each frame and after suitable analysis of all the frames a descriptive account of the eye movements was obtained. Karslake (1940) made motion pictures of the image of the eye in a semitransparent mirror, through which the subject looked a t the object of perception. In this method the apparatus was behind the subject and did not distract him during the experiment. Barlow (1952) used the following method. A very small drop of mercury was placed on the subject's cornea. A second drop was placed on the forehead. By means of a microscope the images of the two drops were projected a.nd recorded on a moving film. The combined movements of eye and head were judged from the record of the movements of the drop placed on the cornea. The movements of the head were judged from the record of the movements of the drop on the



forehead. During the experiment the subject's head was fixed, which restricted its movement. Higgins and Stultz (1953). in order to study eye movements during fixation, photographed a magnified image of a blood vessel of the sclera on a moving film. The optical system of the apparatus magnified the vessel 26 times, and the vessel was chosen s o that its image was perpendicular to the aperture of the apparatus. The part of the sclera containing the vessel to be photographed was illuminated with ultraviolet light. For the control observations of the head movement, a marker fixed to the subject's nose was recorded at. the same time. Haherich 'and Fischer (1958)studied the blinking movements of the eye during alternation of the points of fixation by means n one second the time lens gave 64 of a device called a time lens. J images of the eye on a film. The turning movements of the head were recorded simultaneously on the film. A. R. Shakhnovich and V. R. Shakhnovich (1961) described an apparatus in which images of both the subject's eyes were projected in the plane of the aperture of a photokymograph. A compensating prism rotated in front of this aperture and displaced the image in'a direction perpendicular to the aperture. In these conditions scanning of the pupil takes place and an impression of itsdiameter is obtainedonthefilm. Both the vertical and horizontal diameters of each pupil may be projected in the plane of the aperture of the optic system. Both components (vertical and horizontal) of the movement of each eye a r e recorded on the film. The accuracy of the method is low, and it is therefore suitable for recording the large movements of the eyes have to be recorded. Their main disadvantage the size of the pupil is recorded a t the same time. Jnevaluating methods of recording eye movements based on still and motion-picture photography, it must be remembered that these methods can be .used successfully in many cases when the large movements of the eyes have to be recorded. Their main disadvantage is the relatively laborious method of analysis of the records required.



9. RECORDING THE CORNEAL BRIGHT SPOT The radius of curvature of the cornea is approximately 8 mm, and that of the eye about 12 mm. The center of curvature of the cornea is displaced 3-5 mm relative to the center of rotation of the eye. The cornea, like the convex surface of a lens, reflects part of the light falling on its surface a s the corneal reflex (the sparkle of the eyes). Since the center of rotation of the eye and the center of curvature of
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the cornea do not coincide, the angle a t which a stationary source of light is reflected in the cornea changes during a movement of the eye s o that the corneal reflex moves whentheeye moves. Several authors have used the corneal reflex to study eye movements. This method appeared very tempting-eye movements could be studied without touching the eye itself. However, every experimenter has become clearly aware of the drawbacks of this method. Very small movements of the reflex always take place against the background of head movements and a r e added to them, so that the accuracy of the records is considerably reduced. In almost every variant of the method, very reliable fixation of the subject's head or rigid fixation of optical instruments to it is required, in order to avoid artifacts caused by movements of the head. In addition, displacements of the reflex a r e sometimes caused by changes in the thickness of the layer of tear fluid covering the. cornea, especially near the lids. Finally, the relationship between the eye movement and themovement of the reflex has been found to be complicated. The first authors who photographed the corneal reflexto study eye movements were Dodge and Cline (1901) and Stratton (1902, 1906). Dodge (1907) recorded the movements of the reflex on a falling photographic plate. He studied the eye movements in the process of fixation, pursuit, and reading. Stratton recorded the movements of the reflex on a stationary photographic platewhen the subject examined complicated geometrical figures. The methods of photography of the corneal reflexes w e r e subsequently improved, and special apparatus was introduced. Particular attention was paid to the creation of apparatuses designed to record the reflexes of botheyes during reading (Tinker, 1931; Taylor, 1937). Apparatuses were also devised to allow simultaneous records to be made of the vertical and horizontal movements of the reflex (Weaver, 1931; Clark, 1934). Two variants of the apparatus specially designed for studying eye movements during fixation were developed by Hartridge and Thomson (1948). To avoid the influence of head movements on the records, these authors constructed a special alabaster cap to which the light source, the point of fixation, and some optical instruments were fixed. The cap was secured firmly to the subject's bead. The light source and the corneal reflex were photographed simultaneously by a motion-picture camera with a frequency of 60 frames per second. In the other, more refined variant of the method,. the subject held between his teeth a special plate fixed to the optical system during the experiment. The optical system rotated freely in all directions and did not encumber the subject's head.



Besides these photographic methods, Lord and Wright have recently developed a photoelectric method of recording the movements of the corneal reflex (Lord, 1948, 1951, 1952a. 1952b; Lordand Wright, 1948, 1949). This method has been used mainly to study eye movements during fixation. These authors claim that a rotary movement of the eye amounting to only one minute of angle can be recorded by means of this method. In their experiments, the subject lay on his back, his head strapped to a special headrest. The subject held between his teeth a plate firmly fixed to the headrest. A beam of ultraviolet light with a wavelength of 365 m p was thrown on the cornea, reflected from it, and when it fell on a semitransparentaluminized mirror, separated into two parts. One part of the beam was directed towards the edge of a vertical screen and the other partto the edge of a horizontal screen. Behind each screen and partly covered by it was a photoelectric cell. One photoelectric cell detected the changes in the horizontal component and the other thechanges inthevertical component of the movements of the corneal reflex. The current from the photoelectric cells was fed into a DC amplifier and then into a cathode-ray oscilloscope. Mackworth and Mackworth (1958) used a television technique to record eye movements. The image of the object of perception and the corneal reflex, magnified 100 times, were transmitted to the screen of a television tube and coupled in such a way that the position of the reflex on the object corresponded to the point offixation. According to these authors, this method allowed the eye movement tobe recorded with an accuracy of up to 1-2'. All the methods based on recording the corneal reflex can be used only to record relatively large movements of the eyes.



10. ELECTROOCULOGRAPHY A definite potential difference is known to exist between the outer and inner sides of the retina o r between the cornea and the sclera (Mowrer, Ruch, and Miller, 1936). Thus, during rotary movements of the eye in a horizontal plane, a change takes place in the potential dlfference between points of the skin lying to the right and left of the eye. When the eyes rotate in a vertical plane, these changes take place between points of the skin above and below the eye; they a r e produced in both cases by changes in the conditions of detection of the constant potential of the eye. The changes in the potentials may be detected by a palr of electrodes fixed to corresponding points of the skin, and then amplified



and recorded. Since a linear relationship exists between the rotation of the eye and the change in potential, the records obtained may easily be used to determine the eye movenients: It i s essential in this method that head movements do not influence the record of the eye movements and that the record is made without contact with the eye. The main disadvantage of the method is its low level of accuracy. Miles (1939a. 1939b. 1940) investigated the action of various conditions on the magnitude of the corneo-retinal potential difference and showed that light adaptation causes an increase, dark adaptation a decrease, in the potential difference. The potential changes recorded were usually less than 1millivolt. Schott (1922), Meyers (1929). and Jacobson (1930a, 1930b) were among the f i r s t investigators touse electrooculography to study the eye movements. Later this method was widely adopted; it has been used by Carmichael- and Dearborn (1948), Monnier and Hufschmidt (1950), Hodgson and Lord (1954). and others. In the Soviet Union, electrooculography was first used on a wide scale by L.T. Zagorul'ko, V.D. Glezer, B. Kh. Gurevich, and L.I. Leushina atthe I.P. Pavlov Institute of Physiology in Leningrad. The best of the electrooculographic methods suggested during recent years would seem to be that described by Ford, White, and Lichtenstein (1959). By means of this method the horizontal and vertical movements of the eye can be recorded simultaneously. At the present time electrooculography is usedwithfair success by many workers when highly accurate records of the eye movements a r e not required (where the e r r o r s in the records may exceed lo).



11. SOME PHOTOELECTRIC METHODS FOR RECORDING EYE MOVEMENTS Recently several authors have developed methods conventionally known a s photoelectric for recording eye movements. One of the first methods of this type was devised by Dohlman (1935). The scheme of this method was a s follows. A source of light and a photoelectric cell were affixed tothe subject's head. Next, after fixation of the lids, a rubber cup was affixed to the subject's anesthetized eye. The experimenter applied gentle pressure when placing the cup on the eye, so that i t easily remained in place by suction. A screen was attached to the rubber cup, and this partly obstructed a beam of light falling on the photoelectric cell. The edge of the screen was situatedsothat the light was modulated by the horizontal movements of the eyes. The amplified photoelectric



current was recorded, and the eye movements judgedfrom its fluctuations. Drischel and Lange (Drischel and Lange, 1956; Drischel, 1958) used the following method. Anarrowband of infrared light was projected on the subject's eyes. The spot of light on the eye was 4 mm long and 1 mm wide. The light was directed towards the temporal side of the eye so that one half of the band was on the sclera and the other half on the iris. The iris absorbs light better than the sclera. Movement o f the eyes caused modulation of the reflected light which fell on a photoelectric cell. The quantity of reflected lightwas directly related to the position of the eye. The current from the photoelectric cell was fed into an amplifier and then into an oscilloscope, from which photographic records were made. Cornsweet (1958) developed the following method for investigating small movements of the eyes during fixation. After clamping the subject's head, a narrow beam of light was transmitted through the pupil onto the blind spot of the eye. The spot of light on the blind spot was shaped like a small rectangle. During movement of the eye, this spot intersected the large 'blood vessels, causing modulation of the reflected light. The reflectedlightwas transmitted to a photomultiplier and oscilloscope, from which photographic records were made. Smith and Warter (1959, 1960) suggested a simple variant of these methods. After the position of the subject's head had been fixed, an image of a small a r e a of the eye was projected by an optical system on a horizontal slit. The center of this area corresponded to the boundary between the cornea and sclera a t the point where the tangent to the boundary is vertical in position. In this case the image of the corneal border was perpendicular to the slit. The photocathode of a photomultiplier tube was placed behind the slit. Rotation of the eye around the vertical axis modulated the light falling on the photosensitive element of the tube. The reccrded changes-in the photoelectric current corresponded directly t o the eye movements. Smith and Warter also described a moving object whose speed, brightness, and other characteristics may be modified a t will. This system was connected with the system for recording eye movements s o that the eye movements and the movements of the object were recorded simultaneously. Gaarder (1960) used a method with a contact lens to which a plane m i r r o r was fixed. A beam of light reflected from the mirror was transmitted to a photoelectric cell. By this method, both horizontal and vertical movements of the eyes could be recorded. Shackel (1960) described a method which couldbeused to study the movements, not only of the eyes, but also of the head. A television
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camera, affixed to the subject's head recorded the field visible to the eye. The apparatus recording the eye movements transmitted to the same screen a small spot of white light corresponding, with a certain degree of accuracy, to the point of f w i o n a t each particular moment, Vladimirov and Khomskaya (1961) described a photoelectric method of recording eye movements giving adirect ink tracing. Via a n optical system, the image of the subject's eye was projected on a piece of ground glass divided by a vertical screenintotwo equal parts. Behind each half of the ground glass was a photoresistor, the photosensitive layer of which was firmly in contact with the glass. Movement of the eye in the horizontal plane caused a displacement of its image on the ground glass and a change in the intensity of illumination of the photoresistors. The photoresistors were included in a circuit in which a change in the output voltage was directly proportional to the eye movement, This change was fed into the input of an amplifier or a loop. The horizonti1 movements of the eyes could be recorded with an accuracy of 1-2" by this method. As these authors state, their method is only suitable for recording the large movements of the eye. Photoelectric methods can be used to study eye movements if an e r r o r of 1-2" is acceptable in the work. In nearly all these methods an increase in accuracy would require better fixation of the subject's head. Several of the photoelectric methods enable the eye movements to he studied without contact with the eye; this is their main advantage.



remain in the same plane during eye movements, the angle of rotation of the reflected light is twice the angle of rotation of the eye. The optical systemdeveloped by these authors reduces the regular displacement of the image on the screen, making it equal in the horizontal direction to the rotation oftheeye. The image of the vertical houndary between the two fields onthe screenmustremain stationary relative to the retina. Clowes and Ditchburn (1959) have improved this method s o that it is possible to compensate not only the horizontal, but also the vertical component of the eye movements. These authors affixed a short-focus lens together with the test object to the contact lens. The short-focus lens was designed to produce a stationary and sharply defined image of the object on the retina. The main disadvantage of methods creating a stationary retinal image by means of contact lenses is that during the experiment the vertical border on the test field disappears only for short intervals of time (several seconds). It then reappears for a few seconds and disappears again, and so on. The appearance of the boundary on the test field is perhaps due to insufficiently firm contact between the contact lens and the eye.' Evidently, a t times when the eye makes sudden rotations, the contact lens moves slightly and this leads to the appearance of the border.



13. SUCTION DEVICES (CAPS)



12. CREATION O F A STABILIZED RETINAL IMAGE WITH A CONTACT LENS Ditchburn and Ginsborg (1952), and Riggs, Ratliff, Cornsweet, and Cornsweet (1953) describe a method designed to produce a stabilized image on the retina. A rod is firmly fixed to a contact lens; at the end of the rod is a plane mirror. The rod is displaced relative to the axis of the lens s o that the central part of the lens covering the cornea is left free and the blinking movement of the eye hardly impeded during the experiment. The axis of the rod, normal to the m i r r o r , and axis of the lens a r e all parallel. After the lens has been fixed to the eye, a narrow beam of light i s thrown from a projector ontothe mirror. The beam reflected from the m i r r o r enters the optical system and passes from it to a screen situated in front of the subject's eyes. The test field visible to the subject on the screen is circular andconsists of two fields divided by a vertical boundary. Thediameter ofthe test field is 2". When the incident and reflected beams of light and the normal to the mirror



In this and the following sections of this chapter a description is given of the method used by the author of this'book. The assembly of the appropriate instruments and accessories is described in one section. The most important element of the apparatus used in this method is the special suction device, hereinafter referred.to a s a "cap.' Depending on the object of the experiment, caps of different construction a r e made. Each cap is fixedduringthe experiment to the anesthetized surface of the subject's eye, causing no painful sensations o r undesirable aftereffects. The method by which the cap is affixed to the eye is obvious from the description, suctiondevice. The author claims that the cap ensures firm contact between the miniature apparatus used and the eye. In all experiments, the eyelids a r e secured to exclude blinking movements, which could displace the cap o r detach it from the eye. No experiment shouldexceeda few minutes in duration. When making the caps, several variations in shape and size a r e permissible. In most cases, therefore, illustrations of the caps a r e given not a s scale drawings, but a s schemes with explanations and
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Fig, 13. The PI suction device or 'cap..



indications of the more important measurements in the text. Each illustration of a cap must be regarded as a horizontal section passing through the optical axis of the right eye. The construction of the caps isdescribedwithall necessary details to enable them to be made in any workshop. If the reader does not intend to make the capand can readily grasp the idea of each construction with the description of its details, hemay ignore this description. However, in order to understand the material in the following chapters. i t is essential to have a general idea of the construction of each cap. The cap shown schematically in Fig. 13 can be used to record eye movements. To simplify the descriptions, all caps of this type will be referred to in the future a s type PI. Any other type of cap will he denoted by the same letter but with a different index. The PI cap is made of rubber. It consists of a round suction part 1. resembling an inverted dish, and a hollow cylindrical side-piece 2, joined by a canal 3 to a recess 4. A small mirror 5 is secured to the frame of the cap and usedforrecordingthe eye movements by reflecting a convergent beam of light. By means of the hollow side-piece, a reduced pressure is created inside the cap, and this facilitates its attachment to the sclera of theeye. After the cap has been fixed to the temporal part of the sclera, the surface of the. mirror is approximately normal to the optical axis of the eye, and the hollow side-piece does not interfere with the incident and reflected beams of light during the experiment. The position of rhe cap can be seen from F'ig. 13. The diameter of the suction part of large caps of type Piis 6-7 mm, that of small models, 3-4 mm. The size of the cap is determined by the size of the mirror required in the experiment. A change in the s u e of the cap is accompanied by a proportional change in all its dimensions. The diameter of the circularmirrors on the large models does not exceed 7-8 mm-3-4 mm, on the small. The thickness of the smallest mirrors is 0.2 mm, and that of the largest 0.3-0.4 mm. For some experiments, a rectangular mirror (5 x 7 mm) is more convenient. The length of the hollow side-piece is approximately equal
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to the diameter of the suctionpart. The external diameter of the hollow side-piece is equal to half its length and its thickness is 0.6-0.7 mm. The weight of the large caps, together with the mirror, is 0.20-0.25 g. and the weight of the small models 0.02-0.03g. For most purposes, it is convenient to use a cap having a suction part 6 mm in diameter and a mirror of the same size. The type P2cap is shown schematically in Fig. 14; it differs from the Pi type only in shape and s u e . The PZcap is used when the eye has to be completely closed and at the same time its movements have to be recorded. The P2cap consists of a suction part (the frame) 1, the hollow side-piece 2,joinedby the canal 3 to the recess 4. A mirror 5 is attached to the frame of the cap, and its surface is normal to the axis of symmetry of the frame and the optical axis of the eye. The measurements of the suction part and the measurements of the recess 4 a r e such that the cap nowhere touches the cornea. The height of the cap without the mirror is about 5.5-6 mm, and its external diameter is 13 mm. The hollow side-piece is 7-8 mm long, its external diameter is 4-5 mm, and the thickness of its walls is 0.5-0.6 mm. The mirror is 7-8 mm in diameter and 0.3 mm thick. The edge of the frame of the cap touching the sclera is not more than 0.2-0.3 mm thick. h he middle part of the frameis 1.5-2 mm thick. The weight of the cap together with the mirror is 0.5-0.6 g. A second variant of type Pz is the Pa cap, illustrated in Fig. 15. The only difference between this type and type P2is that its frame is made not of rubber but of thin duralumin. The P3model is much lighter than the P2and causes less irritation to the conjunctive. The" dimensions of the frame a r e given in Fig:-15; they a r e identical with the dimensions of caps of several different types of construction. The surface of contact of the cap with the eye is polished and corrugated. The corrugated surface prevents the cap from slipping over the eye. The weight of the P, model is 0.20-0.25 g.



Fig. 14. The P1 cap.
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1, Fig. 15. The Ps cap.



The Pa cap is shown schematically in Fig. 16, and this model enables conditions of perception to be. created in which the ordinary correlation between the eye movement and the displacement of the retinal image is disturbed. The duraluminframeof the P4 cap has the same dimensions a s the frame of the Pgmodel. In the top part of the frame i s a round aperture 1, with a diameter of 4 mm. A round glass plate 2 is fixed to the frame around its whole perimeter. To this glass plate is fixed a rectangular mirror 3, the plane of which makes an angle of 45' with the axis of symmetry of the frame of the apparatus. The dimensions of the. m i r r o r a r e 7 x 10 mm. When the cap is fixed to the eye, the subject can see an object only by means of the mirror.



Fig. 16. The P4 cap.
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The hollow side-piece is s o situated that the subject cannot s e e i t in the mirror. All objects situated to the side appear to be displaced in the frontal plane. Rotation of the eye causes rotation of the m i r r o r and, consequently, displacement of the retinal image. The relationship between the angle of rotation of the eye and the angle of displacement of the retinal image is very complex and differs sharply from what is found in normal conditions, i.e., when we look with the unaided eye. In other words, conditions a r e produced in which the subject clearly sees objects but cannot voluntarily choose points of fixation or use eye movements to obtain information concerning the spatial relationships between objects. The field of vision of an eye to which the P4apparatus is attached is approximately 50". Theweight of this cap is 0.30-0.35 g. If both large surfaces of the mirror of the P4apparatus a r e parallel and polished, by removing the reflecting layer a transparent window can be created in it. Through this window the subject can s e e objects in front of him (practically without distortion). When the PAapparatus with a window in the m i r r o r is fixedto the eye, conditions a r e created in which the eye's field of vision is divided into two parts. In one part of this field, the ordinary relationshipbetween the movement of the eye and displacement of the retinal image is disturbed, while in the other it is normal. To increase the sharpness of the border between the parts of the field, the size of theaperture 1 in the P4 apparatus is r e duced to 1.0-0.5 mm. The P6cap, illustrated schematically in Fig. 17, is used to record the pulsations of the eye. The frame of the apparatus 2 and the hollow side-piece 14 a r e made of rubber. The hollow side-piece is joined bT the opening 15 to the lower chamber 3 of the cap, in which is created the reduced pressure necessary for securing the apparatus to t h e eye.



Fig. 17. The P5 cap.



The lower chamber 3 of the cap is bounded below by the cornea of the eye 1, at the sides by the frame of the cap 2, and above by a thin rubber diaphragm 4 to which is secured a flat rubber button 6, lightly pressing on the cornea. The upper chamber 5 of the cap is bounded below by the rubber diaphragm 4, at the sides by the frame 2, and above by a rigid plate 7, fixed to the frame of the cap. The upper chamber is joined with the outside space througha special filter 12, fixed to a small cylinder 13. The filter transmits a i r slowly, so that the mean pressure in the chamber 5 is equal to atmospheric. The time taken for the pressure in the upper chamber to become equal is much greater than the blood pulsation period. Blood entering the eye causes pulsation of the intraocular pressure, and this in turn leads to deformation of the eye which is synchronized with the pulse. The deformation of the eye is transmitted to the elastic rubber diaphragm 4, movement of which causes a pulsation of pressure inside the upper chamber 5. The cylinder 8 is secured to the rigid plate 7. Over the cylinder 8 is gently stretched a very thin and elastic rubber membrane 9, several times thinner than the rubber diaphragm 4. The cylinder 8 is joined by an aperture with the upper chamber of the cap, so that pulsation of pressure inside the upper chamber, is transmitted to the membrane 9 and deforms it synchronously with the pulsation of intraocular pressure. A small mirror 10 is fixed to the edge of the membrane 9. >'he mirror rotates during deformation of the membrane 9. Beside the mirror 10, secured to the membrane, is a mirror 11, rigidly fixed to the plate 7. A beam of light emerging from a slit aperture, reflected by both mirrors, and focused on the oscillographic paper of the photokymograph, records two lines. The beam of light reflected from the mirror 11, rigidly fixed to the cap, records the movements of the eye, while the beam oflight reflected from the mirror 10, secured to the membrane, records the movements of the eye and the deformation of the cornea caused by the pulsation of intraocular pressure. In the course of the experiment the observer fixates on a certain point with his free eye. To ensurethatthe scale of the records is the same in all experiments; the distance between the observer's eye and the paper of the photokymograph is kept constant. In addition, before the cap is fixed in position, care must be taken that an approximately equal volume of air is withdrawn from the hollow side-piece. In external diameter, the frame of the Pg cap is 13 mm. In its construction it resembles the frame of the P2 model. When the pressure in the lower chamber 3 is equal to atmospheric and the apparatus rests with its edges on the sclera, the distance between the rubber diaphragm 4 and the cornea is 1.5-2.0 mm. The thickness of the diaphragm 4 is '



0.2-0.3 mm. The diameter of the rubber button 6, fixed to the diaphragm, is 4 mm and its thickness lmm. The distance between the rubber diaphragm 4 and the rigid plate 7 is about 3 mm. The plate 7 is made of clear plastic 0.5 mm inthickness. The cylinders 8 and 13, of the same thickness, a r e made of clear plastic and glued to the plate. The internal diameter of cylinder 8 is 3mm and of cylinder 13, 2 mm. The height of each cylinder and of the stand to which the mirror 11is fixed is 3 mm. The diameters of the holes joining the spaces inside the cylinders 8 and 13 to the upper chamber 5 are each 1mm. The thickness of the rubber membrane 9 stretched over cylinder 8 is about 0.03 mm. The mirrors 10 and 11are square in shape, the first with a side of 1 mm and the second of 2 mm. The thickness of mirror 10 is 0.1 mm. Filter 12 is made of a single layer of ordinary filter paper and is glued to cylinder 13. The transmitting power of the filter is lowered by coating part of its surface withglue. The hollow side-piece 14 is 9 mm long; the external diameter of its lower part 5 mm and its upper part 6 mm, and the thickness of its walls is 0.7 mm. The weight of the PScap is about 0.6-0.7g. Assembly and preliminary adjustment of the cap are carried 'out on a rigid model of the eye, and final adjustments a r e made after experiments on the living eye and the necessary records have been obtained. Duringassembly it is important to select the correct tension of the diaphragm 4 and the membrane 9 and the correct transmitting capacity of the filter 12. It is, of course, easy to imagine a variant of the Ps cap using a piezocrystal or any other suitable pickup. In this case, the recording of the pulsation could he made by means of an amplifier actuating a loop oscillograph.. The scheme of the P6 cap, which creates a stationary retinal image for the whole field ofvision~ftheeye, is shown in Fig. 18. The duralumin frame 1 and the hollow rubber side-piece 2 of the PCcap have the same dimensions as the frame and hollow side-piece of the P, model. The surface of contact between theframe and the eye is corrugated and polished. A thin duralumin cylinder 3, 0.1 mm thick, is glued firmly to the frame. The diameter of the cylinder and its height are about 5 mm. Inside the cylinder a r e mounted two duralumin diaphragms 4, in firm contact with it. Each diaphragm is 0.1 mm thick, and the diameter of the aperture is 1.5-2.5 mm. The diameter of the aperture in the upper part of the frame of the apparatus is 2.5-3 mm. The distance between the frame and the first diaphragm is 1mm, and that between the frame and the second diaphragm 2 mm. A short-focus lens 5 is fixed tothe second diaphragm and the cylinder. The focal length of the lens is 5-8 mm. Over the cylinder 3 is placed a device conventionally called an adaptor. Theframe of the adaptor is
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Fig. 18. The P, cap.



made of black paper. The lower part of the adaptor consists of the paper cylinder 6, which is firmly held by friction on the duralumin cylinder 3. A paper square 7witha round hole 8 in the center is glued to the cylinder 6. The side of the square 7 is a few millimeters longer than the diameter of the paper cylinder 6, and the hole 8, in turn, is a few millimeters smaller than this diameter, and is in fact 3.5 mm. The hole in the square is situatedat the focus of the lens. The test field fits into the hole. A square frosted glass (side 6 mm long), about 0.2 m m thick, is fixed parallel to one side of the square 7 and perpendicular to its plane. The mirror 10, 6 mm wide (the same size a s the frosted glass), 9 mm high, and 0.1-0.2 mm thick, is fixed at an angle of 45" to the paper square and the frosted glass. Triangular pieces of black paper a r e fixed to the edges of the frosted glass and the mirror so that the inside of the adaptor receives light only through the frosted glass. All the slits intheadaptorare carefully glued together, and the device is painted black. During the experiment the adaptor occupies the position shown in Fig. 18. Experiments with the P6capare usually carried out in a dark room. A narrow beam of light, shown by arrows in Fig. 18, falls only on the adaptor of the capandilluminatesthe frosted glass. The sclera of the eye is practically in total darkness, and, consequently, light enters the eye only through the cap, a very important factor in many experiments with an image stationary relative to the retina. The short-focus lens gives a magnified image of the test field which the eye sees against the hackgroundof thefrosted glass reflected in the m i r r o r . Adjustment of the sharpness of the image is done by moving the adaptor along the'duralumin cylinder 3. It is clear from Fig. 18 that the lens of the apparatus is housed inside the cylinder a short distance from the cornea and separated from it by the diaphragm.
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This type of construction was determined by the need for protecting the lens against clouding, which would haveinterferedwith the conduct of the experiment. Since the short-focus lens gives high magnification, the visible diameter of the test field may be made greater than 50". As mentiolied above, the test field and the projection system of the Ps apparatus a r e firmly fixed to its frame. The frame of the cap, in Nrn, is firmly fixed to the eye and, consequently, even during movement of the eyes the retinal imageof the test field i s always stationary relative to the retina. The weight of the Pg cap without the adaptor is 0.15-0.20 g. The P7 cap, by means of which two superposed retinal images may be obtained on the retina, is illustrated schematically in Fig. 19. One of the two images is stationary relative tothe retina while the other is movable. The duralumin frame 1 of the P7 model and the hollow rubber bulb 2 a r e the same size a s the frame and the hollow bulb of the Ps apparatus. The contact surface between the frame and the eye is corrugated and polished. To the whole perimeter of the frame is fixed a duralumin cylinder 3; with an external diameter of 5 mm, a height of 2 mm, and walls 0.1 mm thick. Inside the cylinder is fixed a duralumin diaphragm 4. The thickness of the diaphragm is 0.1 mm and the diameter of the aperture 3.5 mm. The distance between diaphragm 4 and the frame is 1mm. The diameter of the aperture 5 in the upper part of the frame is 3 mm. A round transparent glass 6 with the lens 7 is fixed to the cylinder 3 around its entire perimeter. The glass is 6 mm in diameter and 0.15-0.20 mm thick, The diameter of the lens is 2-3mmanditsfocal length 5-8 mm. The cylinder 3 is so made that it removes the glass with thelens a short distance from the eye and thus prevents it from becoming steamed up. A round wood T rod 8 is fixed totheframeofthe cap and the cylinder. In turn, the test I
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.. Fig. 20. The P, cap.



field 9 is fixed to the rod and is stationary relative to the rod and to the frame of the cap. The height of the rod is determined by the focal length of the lens andissodesignedthat a sharp image of the test field 9 may be obtained on the retina. It is clear from Fig. 19 that lens 7 covers only the central part of the glass 6, leaving the peripheral part open. When the cap is fixed to the eye, the peripheral part of the glass (the circular diaphragm) enables the subject to see clearly and to examine the surrounding object freely. The color contrast of the visible objects is slightly below normal due to the scattered light (the out-offocus image of surrounding objects) falling on the retina through the lens. The lens gives asharpretinal image of the test field fixed to the rod, and since it is firmly connected to the cap, this image is strictly stationary relative to the retina. As aresult, two images, superposed on each other, a r e formed on the retina. One is movable relative to the retina (movable because of the eye movements) while the other is strictly stationary and unchanged in color (provided that the illumination of test field 9 is unchanged). By changing the area of the circular diaphragm and the diameter of the lens, the brightness of the stationary and moving retinal images may be varied within certain limits. The scheme of the P, cap, by means of which images remain stationary relative to the retinaforanypartof the field of vision of the eye, is illustrated in Fig. 20. The duralumin frame 1 of the P8 model and the hollow rubber bulb 2 a r e the same size as the frameand the bulb, of the Pscap. The surface of contact between theframeandtheeye is corrugated and polished. Around the whole perimeter of the frame is fixed the duralumin
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cylinder 3. The external diameter of the cylinder is 4.5 mm, its height 3 mm, and the thickness of its wall 0.1 mm. Inside the cylinder is fixed the duralumin diaphragm 4. The diaphragm 5 is 0.1 mm thick, and its aperture is 2 mm in diameter. The cylinder is closed on top by a second diaphragm 5, which is fixed to the cylinder around its whole perimeter. Diaphragm 5 is 0.1 mm thick, its external diameter is 5 mm, and the diameter of the aperture is 1.5 mm. The diameter of the aperture 6 in the upper part of the frame of the apparatus is 2.5 mm. The distance between the diaphragm 4. situated inside the cylinder, and the frame of the cap is 1.5 mm. A round transparent glass 7 is glued all around the perimeter of the second diaphragm 5. This glass is 0.1-0.2 mm thick and 4 mm in diameter. Jnterchangeable diaphragms 8, made of thin black paper or foil, are glued to the glass. Depending on the object of the experiment, the apertures of the interchangeable diaphragms vary from 0.2to 1.5 mm. A rod 9 (a thinsteelwire), towhich is fixed the screen 10-the test field stationary relative to the frame of the apparatus-is fixed to the frame of the cap and to the cylinder. The height of the rod (usually about 20-25 mm) is determined bythe purpose of the experiment. Cylinder 3 and the first two diaphragms 4 and 5 a r e designed so as to keep the glass from steaming up. When the cap is fixed to the eye, the screen becomes stationary relative to the retina. The small size of the aperture of diaphragm 8, fixed to the glass, increases the depth of focus to such a degree that, besides objects at a distance from the eye, the screen 10 can also be clearly seen. The sharpness of the image of the screen depends on the size of the aperture in the diaphragm. l%e smaller the aperturev in the diaphragm, the sharper the image of the screen. However, reducing the size ofthediaphragmaperturealsodiminishes the brightness of the visual image. For this reason, in ea experiment a diaphragm is chosen which is satisfactory for ,the experxmenter a s regards both the sharpness of the screen's image and the brightness of objects visible to the eye. Some increase in the sharpness of definition of the image of the screen can be obtained by lengthening the rod, i.e.. by moving the screen further from the eye, but with this manoeuvre, the rigidity of the connection between the screen and the frame of the apparatus and between ?he frame of the cap and the eye is rapidly lost. By giving the screen different shapes and positions in space, it is comparatively easy to produce a stationary retinal image of a given shape and color in any part of the retina. To increase the brightness of the screen,a beam of light is thrown upon it, as shown by thearrows in Fig. 20. If a filter instead of a screen is affixed to
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the rod, conditions of perception a r e produced in which a definite part of the retina is shielded by the filter. Because of the small mirror fixed to the cylinder of the P8 cap, eye movements can be recorded under conditions in which a given part of the retina is shielded by the screen, i.e., is in factpreventedfromreceivingany visual stimulation. Depending on the purpose of the investigation, the experimenter may need to modlfy not only the construction of the caps, but also the construction of the adaptors. The descriptions in the second chapter of certain experiments include a detailed account of several adaptors used with the P6apparatus.



14. APPARATUS USED IN WORK WITH CAPS A photograph of the apparatus usually used in recording eye movements is given in Fig. 21. The apparaNs consists of a stand (or frame), a chin rest, two light sources, and a control panel. The frame consists basically of a large, massive stand. Two metal uprights and the control panel, on which sockets and switches are mounted, a r e firmly fixed to this stand. On the movable part of the large stand is mounted a metal post ending in a chin rest. The chin rest can be moved vertically; horizontally, it can turn about the axis of the post, and after the desired position has been obtained, it can be firmly fixed. In addition, the parameters of the chin rest itself may be varied by the experimenter, depending on the size of the subject's head. By use of this type of chin rest, the subject's head can be securely fixed during the experiments. On each metal post is a massive connecting rod, and a t the end of this rod a universal stand. The light. source is fixed on ball bearings to each stand. By means of this system the experimenter can quickly (and this is very important) direct a beam of light reflected from the mirror of the cap to the aperture of a kymograph or to a cassette. The switchboard control panel permits any apparatus to be switched on and off in the course of the experiment without interrupting the observation. Depending on which cap is used for the experiment and the pareicular purpose of the investigation, the experimenter will need to use different light sources and accessories. Forexample, when recording eye movements on still photosensitive paper or film, a light source is used which throws a spot of light not more than 1mm in diameter onto the photosen&itivematerial. In this case the objective gives an image of the small aperture of the diaphragm against the background of the incandescent filament. Usually a series of diaphragms with



Fig. 21. The apparatus used in recording eye movement&



apertures between 10 and 70 p in diameter is used in an investigation. If the eye movements a r e recorded on a photokymograph, a slit takes the place of the diaphragm in the light source; the slits in a suitable series vary from 10 to 70 p in width. To illuminate the frosted glass of the P6apparatus or the screen in the P8 apparatus, a light source is used which has an optical system allowing a beam of light about 10-16 mm in diameter to be obtained at any point in space, illuminating a small area of surface uniformly. Uniformity of illumination is essential toensure thatduring eye movements, i.e., during movements of the frosted glass or the screen, their brightness does not change within the beam of light.



In some experiments with an image stationary relative to the retina (i.e., when the P6 and Psmodels areused), adaptors with polarized and other different types of filters a r e attached tothe light sources. Sometimes special discs and vanes a r e used to change the hrighmess and color of the light falling on the frosted glass or the screen in accordance with a given pattern. However, no explanation is required of the construction of these devices. When using the PC, P7, and Ps types of cap, the experiments are best carried out in conditions under which the subject's face is turned upward, and the fixation point for the second eye lies on the ceiling. An armchair with a low back, with a controllable device for maintaining the head in the required position, may be used for this purpose. Depending on the object of the experiment, eye movements may be recorded on moving or still photosensitive material. Records on still photographic paper or film a r e made in a dark room, in which only the object of perception is illuminated by adirected beam of light, and placed against a black matt bacQround. Usually the photographic material is enclosed in a cassette and opened only during actual recording. To facilitate the subsequent analysis of the records, the photographic paper or film should be fairly large, approximately 30 x 40 cm. The cassettes. should be of corresponding size. To shorten the exposure of the photosensitive material and the duration of the experiment, cassettes a r e usedwhich a r e easily and quickly opened and closed in a dark room. When records a r e made on moving photosensitive material (oscillographic paper), ordinary photokymographs a r e used. However, in the ordinary photokymograph the speed of the oscillog.raphic paper does not exceed 20-30 cm/sec and the length of the slit is only 12-15 cm. However, when many eye movements are studied, speeds closer to 5 m/sec and slits 25-30 cm in length a r e necessary. These technical conditions are satisfied by a primitive and somewhat modified model of a photokymograph, the making of which presents no special difficulty and requires no detailed description. Such a photokymograph is based on a large drum, to which wide oscillographic paper is fixed in darkness. The diameter of the drum is 50-60 cm, and its height is determined by the width of the oscillographic paper, which should be a t least 25-30 cm wide. The axle of the drum is connected to an electric motor throughagearbox o r reducing chain. The whole system is covered with alightproofplywood case with a slit surrounded by visors preventing scattered light from falling on the drum. The gearbox allows the speed of rotation of the drum to he changed. The linear velocitles of the oscillographic paper may be varied in this manner from several centimeters to several meters per



second. Repeated turns ~f the drum cause the records to be superposed on each other. Of course, the experiment must be stopped before the whole picture becomes too confused and too complicated for analysis. The higher the speed, the shorter the experiment must he. When the speed of the oscillographic paper is several meters per second, in many cases recording should not continue longer than 10-20 sec. When it is necessary to affix apparatus essential for or facilitating an experiment to the subject's face, he wears a Plexiglas mask, as shown in Fig. 22. The mask fits the face and head snugly and stays in position satisfactorily. A number of holes with a screw thread a r e made in the Plexiplas to which the ex~erlrnentermav attach the required accessories. Besides those mentioned above, apparatuses familiar inlaboratory practice may also he used in work with caps.
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::# \ Fig. 60. Photakymographic records of movements of the eye and an upper incisor tooth of a subject during fixation on astatianarypoinr. a) Horizontal component; b) vertical of records.
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EYE MOVEMENTS DURING FIXATION ON STATIONARY OBJECTS
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Fig. 61. Photokymographic record of movements of the subject's two eyes during fixation on a stationary point a) Horizontal component b) vertical component of the record.
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from 30 to 90 cycles. Ditchburn (1959) notes that tremor is characterized by a continuous spectrum of frequencies up to 150 cps. As mentioned earlier, any drift of the eyes is accompanied by tremor, but the two forms of movement a r e independent. To obtain a general idea of tremor, let us consider Figs. 60 and 61. These figures show records of the horizontal and vertical components of the eye movements on a scale at which the tremor can be seen. The records were made on the moving tape of a photokymograph by means of the Pi cap. Parallel and simultaneous records of the eye movements and the movements of a n upper tooth (an incisor, to which a small mirror was attached during the experiment), to differentiate between the.



Fig. 62. Photo!qmographic record of the horizontal component of the tremor of a stationary hand resting on the table, and of the vibration of the chin rest (straight line).
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movements of the eye and the movements of the head, a r e shown in Fig. 60. It is clear from this figure that the high frequencies characteristic of the tremor of the eyes were not recorded with the head movements. Parallel and simultaneous records of the eye movements a r e shown r the tremor of hand and the vibration of in Fig. 61. ~ d comparison chin rest (Fig. 62) were recorded under thesame conditions. In these experiments, the chin rest was fixed to a massive frame mounted on a felt cushion. During the experiment illustrated in Fig. 62, the subject's hand rested on the chin rest. Recordings such a s those in Figs. 60, 61. and 62 show convincingly that the high-frequency oscillations recorded on the photokymograph tapes a r e not an artifact but correspond to the eye movements customarily called tremor. Analysis of the records I obtained of tremor yielded the following results. The amplitude of the tremor is 20-40 seconds of angle (1.0-1.5 diameter of the cones in the fovea). The tremor is composed mainly of movements whose frequency is 70-90oscillations per second (much higher than the critical frequency of flicker fusion). As a result of tremor, the axis of the eye moves over a conical surface, covering each such surface in approximately 0.011-0.013sec. In other words, i f the axis of the eye is mentally continued t o its intersection with the frontal plane, a s a result of the tremor it will describe elliptical figures on that plane.



3. SMALL INVOLUNTARY SACCADES O F THE EYES It is relatively simple t o record saccades, andmany investigators have long held the correct view that saccades for both eyes coincide in time, in amplitude, and in direction. The small involuntary saccades of the eyes were f i r s t discovered by Dodge (1907). To examine in 'rather more detail the small involuntary saccades arising during prolonged fixation on a stationary point, let us turn to Fig. 63. This graph shows the distribution of small involuntary saccades in relation to their amplitude. The amplitude of most such saccades lies between 1and 25 minutes of angle. The minimal dimensions of these saccades a r e 2-5 minutes of angle. The maximal dimensions a r e approximately 40-50 minutes of angle. It should be noted that even minimal saccades of only 2-5 minutes of angle a r e strictly identical for both eyes (Fig. 64). Records show that the duration of the small involuntary saccades, depending on their amplitude, is 0.01-0.02 sec. This short duration (in conjunction with their small amplitude) is responsible for the fact that the saccades a r e completely
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Fig. 6 3 . Graph ai distribution of 1000 involuntary horizontal saccades in accordance with their amplitude during fixation directedtawards astationarypoint. Results obtained with one subject. Abscissa-amplitudes d saccades i n minutes of angle; ordinate-number of approximately equal saccades.



unnoticed by the observer, to whom the fixation process appears to be continuous. It has been found that an observer cannot voluntarily perform saccades smaller than a certain amplitude. In one experiment the subject was shown two fixation points separated by a distance of 8 minutes of angle. The problem was tofixate on the points alternately. The records showed that the saccades, and the alternation of the subject's attention from one point of fixation to the other (which appeared to the subject a s alternation of the points of fixation) in most cases did not coincide in time. In other words, the subject could not change the point of fixation absolutely voluntarily when the distance between them was commensurate with the amplitude of the smallest involuntary



Flg. 64. Photokymographic record of eye movements durlng fixation on a statlonary porn. The record sho\nrs cieeariy that even the small saccades for the two eyes colncide in amplltude and dlrect~on.
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saccades. The subjective assessment of the moment of alternation of the points of fixation corresponded not to the times that saccades occurred, but to the times that attention was switched. In this case the subject controlled his attention but not his saccades. Three cases may be noted when saccades a r e not associated with shift of attention. First, involuntary saccades a r i s e when an observer tries to cast his eye smoothly around the outlines of a stationary object. Evidence of the existence of involuntary saccades inthis case is given by records of the eye movements such a s those shown in Fig. 53. Second, involuntary saccades arise duringfixation ona stationary point when the duration of this fixation is longer than a certain time interval. A 5-minute record of fixation made on a stationary photographic film appears a s an oval spot (whichcanberegarded a s the projection of the foveola on the film). The study of records within this spot shows that many involuntary saccades occur when the image of the point of fixation lies in the center of the fovea, i.e., when there is no need for a correcting saccade (directing the image of the point of fixation to the center of the fovea). Finally, involuntary saccades a r i s e when correction is necessary, i.e., when,as a result of drift the image of the point of fixation begins to move outside or has moved outside the central region of the fovea. Such saccades a r e especially numerous in people



Fig. 65. Photokymographic record of the eye movement of a patient during fixation on a Stationary point. Inthiscase thedrift of the patient's eye Follows a direction, andthe velocity of the drift i s much higher than normal.
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stationary object is accompanied by movement of the head, especially In this case, the eyes must Nm in the orbit a ,rotary movement. smoothly s o that, for a certain interval of time, the optical axes intersect the point of fixation. A fairly complex situation a r i s e s if the observer's head remains stationary, but the object of perception moves in space, s o that the eyes must move continually to preserve fixation. Finally, another complex case is thatwhich arises when both the observer's head and the visual test object move simultaneously. Figures 66 and 6 7 will give some idea of the eye movements in complex conditions of fixation. Figure 66 shows a record of the eye movements during fixation while the subject was continuously rotating his head from left to right and from right to left. A record of the movement of both eyes when the subject fixated on a point performing oscillatory movements is shown in Fig. 67.



5. NYSTAGMUS OF THE EYES In certain pathological cases, most frequently disorders of the nervous system, the process of fixation is accompaniedby nystagmus. Nystagmus consists in an oscillatory movement of theaxes of the eyes



Fig. 66. Simultaneous recording on a photalcymagraph of the movements of the eye and rorations of the subject's head during fixation on a stationary point. k i n g the experiment the subject conriouously cotated his head from left r o right and from right to left. The bold line i s the record d the eye movements. The thin lines running on the edge of the figure are the records of the head movements.



with certain disturbances of the normal function of the muscular apparatus of the eye. By way of a n example, a record made on a slit photokymograph by means of the Picapwiththe patient trying to fixate on a stationary point is shownin Fig. 65. The drift of this patient's eye was directed t o the right (the thick sloping lines), and the speed of the drift was higher than normal. Involuntary correcting saccades (thin horizontal lines) constantly returned the eye to its initial position.



4, FIXATION ON A POINT IN COMPLEX CONDITIONS The simplest case-when the subject's head and the object of perception a r e stationary-was examined in the previous section. Conditions a r e much more complex for the observer's eye if fixation on a



Fig. 67. Specimen of a photokymagraphic record of eye movements during pursuit of an object by means of oscillatory movements.
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during which the amplitude of oscillation is tens of hundreds of times greater than the amplitude of the tremor, while the frequency of the nystagrnus correspondingly is tens of times lower than the frequency of the tremor. Different forms of nystagmus correspond to different forms of diseases. The same disease in different persons may be associated with the same o r differenttypes ofnystagmus. As an example, several



Fig. 69. Eye movements of rod monochromat T during fixation on a point. a) Horizontal movement of a s n i p of photosensitive paper; b) horizontal component of the movements recorded on a phqtolcymograph; c) record of vertical component of the movements.
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Fig. 68. Eye movements of rod monochromats T, A, 0, and P during fixation an a point recorded on a vertically moving strip of photosensitive paper.



records of nystagmus in rod monochromat subjects a r e shown (the records were made .on a photokymograph by means of the PI cap). In rod monochromats, only the rods a r e concerned in vision; the center of the fovea, occupied mainly by cones, does not function. The records in Fig. 68 show the eye movements of four rod monochromats a s they attempt to fixate on a stationary point. These records show how different the types of nystagrnus present in these four cases were. Nystagmus of the eyes of one rod monochromat is illustrated in Fig. 69. Finally, in Fig. 70, records of the eye movements of rod monochromats a r e given during fixation on an oscillating point. Little study has yet been made of the various forms of nystagmus, although it is certainly possible that knowledge of the full range of varieties of this type of eye movement could be clinically useful. Tbe vestibular forms of nystagmus arising in personsandin some animals
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other factors besides these influence the movement and contrast of the retinal image. The first point tomentionis that inmany cases the fixation process is interrupted by blinking movements of the eye, each lasting several tenths of a second. A blinking movement is accompanied by sharp changes in the illuminance of the retina and by disappearance of the retinal image for a certain period of time. While moistening the cornea with lachrymal fluid, the eyelid completely covers the pupil. In addition, during the blinking movement, the eyes make a small rotation and then return to their Initial position (upward, medially, and back again), taking about 0.1-0.2 s e c for one of these movements (Ginsborg, 1952). Movements and rotations of the head, even if small and compensated to some extent by corresponding rotations of the eyes, always produce some displacement of the retinal image. The position of the lens in the eyeand the curvature of its surfaces do not remain strictly constant during fixation. The continuous movement of the lens is explained by the fact that it is a component of a selfadjusting system with continuous correction. The fluctuating changes



Fig. 70. Record of eye movements dwing pursuit of a moving sphere. 1) k i n g pursuit of a sphere swinging on a thread by a subject with normal vision; 2) during pursuit by rhe rod monochromat person T of a sphere moving up end down: 3 and 4) during pursuit of a sphere swinging on a thread by the rod monochromat persons A and 0. Movement of the tape is in a vertical direction.



in response to certain types of excitation of the vestibular apparatus have, however, been studied most intensively.



6. FACTORS INFLUENCING THE MOVEMENT AND CONTRAST OF THE RETINAL IMAGE As mentioned earlier,. movement of the retinal image over the retina and changes in this image itself during fixation a r e not determined only by the drift, tremor, and saccades of the eye. Many



Fig. 71. Record of the pulsation of theeye. a) Healthy eye: h) eye of a patient with glaucoma (increased inuaocular pressure: the higher the pressure, the smaller the amp-); c and d) in patients with disrurhances of the vascular system of the eye. The thick lines are records of eye movements, the thin lines record the pulsation.
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thus produced in the parameters of the optical system of the eye lead to an irregular displacement of the retinal image and to a change in its sharpness. Although such changes a r e small, they nevertheless can be detected in some experiments with a stabilized image. The constant, although small, change in the size of the pupil which takes place during fixation leads mainly to slight modulation of the brightness of the retinal image and to a change in the depth of focus. Many almost imperceptible and minor changes a r e brought about by the pulsation of the blood. For example, pulsating movements of the eye in the orbit (which differ in each individual) have been observed by means of relatively simple optical instruments and accessories. With the use of the P5 cap, the pulsation of the eye itself has been recorded (Fig. 71). Measurements show that, as a result of pulsation, the curvature of the cornea changes by approximately one hundredth or several thousandths of a millimeter. Hence it is natural to suppose that the diameter of the eye as a whole may change considerably. Pulsating changes in the size of the eye evidently cause negligible changes in the sharpness of the fixed object.



7. ROLE OF EYE MOVEMENTS As mentioned above, good conditions of perception require some degree of discrete or continuous movement of the retinal image over the retina, and the retinal image itself must possess adequate hrightness and contrast. The experiments described in Chapter I1 showed that with a gradual slight increase o r decrease in the luminance' of a test field stationary relative tothe retina the eye is able to distinguish between fairly small elements of the field, but cannot perceive color absolutely correctly. If a test field stationary relative to the retina is illuminated by a flickering light, the resolving power of the eye becomes so low that details with angulardimensions of a whole degree (and in some cases, of several degrees) can no longer be seen by the observer. All colors become more or less distorted in these conditions. In one experiment, the test field stationary relative to the retina was initially in complete darkness, but was later illuminated by a bright beam of light and remained illuminated thereafter. Although the resolving power of the eye was high immediately after the light was switched on, an empty field formed so quickly (sometimes within 1 second) that prolonged fixation of attention, essential inmany cases of perception, was impossible. Modulation of illumination in these conditions candelay the forma-
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tion of an empty field or prevent its formation, but will always lead to distortion of visible colors and sometimes to a decrease in the resolving power of the eye. If a test field, stationary relative to the retina, is illuminated by a bright flash of light, the resolving power of the eye remains high but, just as in the preceding case, prolonged fixation of attention is impossible. I conclude from these facts that good conditions for perception cannot be obtained if the retinal image is strictly stationary. Let us try to examine in more detail the types of eye movement which are needed to create the essential conditions for perception during fixation of an element of a stationary object. The first fact to note is that ordinarily the end of a blinking movement or the end of any saccade (a large voluntary one or a small involuntary one) is always the heginning of a new process of seeing. I say "new" because I suggest that as a result of any blinking movement or saccade, certain signals arising from the retina a r e inhibited while others reappear. Ditchburn, Fender, and Mayne (1959) showed that even saccades of as little as '2.5 minutes of a x l e in mamitude reveal contours in a test field which have disappeared due to immobility of the retinal image (the minimal amplitude of the involuntary saccades arising during fixation is 2-5 minutes of angle). It may be assumed that immediately after a blinking movement new signals arise from the whole retina, and immediately after a saccade (depending on the amplitude of the saccade and the type of object) new signals arise from the whole retina or from certain of its parts. Frequently situations arise when, after a saccade or series of saccades (especially if they are small), the changes in the illuminance of the receptors incertain parts of the retina are below the threshold required for signals to appear, in which case these areas will correspond to an empty field or to some stage in the formation of an empty field. The spatial evolution of the fast process (thecomet) shows that the initial stage of this process (immediately after a sharp change in illuminance) corresponds to optimal conditions of perception (the front. uniform part of the comet is always the brightest or blackest, the most saturated in color). It may therefore be considered that the maximal number of signals is sent to the visual centers immediately after a blinking movement or saccade. Formation of an empty field, which may begin immediately after a blinkingmovementor saccade, would take place quickly and frequently much hefore the following saccade if the retinal image remained strictly stationary. This conclusion is basedonthe fact that the duration of the intensive part of the fast process does not exceed 1-3
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CHAPTER Ill seconds, while the duration of somedriftsduringfixation (Fig. 59) may amount to 5 o r even 10seconds. Experiments show that the drift of the eyes is the type of movementwhichprevents the formation of an empty field during fixation. Because of drift', the resolving power of the eye and the apparent color of the object show little change during fixation. In experiments to demonstrate the spatial evolution of the fast process, the following facts were established. If the image of the border between black and white fields moves over' the retina a t uniform velocity, and if this border is projected on the retina by means of an imperfect optical system, such a s the optical system of the cap, in conditions of very bright illumination of the eye through the sclera, the border will be clearly visible to the subject if the velocity is not less than 23-24 minutes ofangle per second. Whensuch a n experiment is carried out without illumination of the sclera, this border appears a t velocities of 3-5 minutes of angle per second. On the other hand, records of eye drifts show that, although the mean velocity of this movement is 5-6 minutes of angle per second, frequently (not less than one or several times per second) it reaches almost maximal values, i.e., about 30 minutes of angle per second. Comparingthese results it is easy to conclude that when sharp retinal images (sharpimages of borders) a r e present, a single drift of the eye issufficient to prevent the formation of an empty field over. the whole retina. An attempt was made to investigate the role of tremor using caps and several accessories. However, no effect of tremor on reception could be found. This is evidently due mainly to the fact that the principal frequency of tremor is much higher than the critical frequency of flicker fusion. If tremor has an effect on reception, i t is only when combined with drift. The results of experiments in which I tried to discover a s fully a s possible the role of tremor unfortunately cannot be regarded a s completely conclusive. Forthis reason, I shall not describe these experiments and shall leave the question of tremor open. Ditchburn, Fender, and Mayne (1959) found that low-frequency tremor has a positive influence on discrimination of the elements of a test field s&tionary relative to the retina. In this investigation tremor was produced artificially with frequencies rangingfrom4 to 20 oscillations per second and with an amplitude ofhetween 0.05 and 1.10 minutes of angle. They found that for all the investigated frequencies of tremor with an amplitude exceeding 0.3minute of angle, the fraction of time for which the subject saw the test object was increased. However, the artificial tremor created by these authors has little in common withnatural tremor in its frequency o r character of movement,
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f o r logically, tremor is best defined a s only the high-frequency (over 40 cps) component of the movement of the eye relative to the orbit. Natural tremor is characterized by a frequency higher than the critical frequency of flicker fusion. Low frequencies duringfixation should be classified a s drifts. During fixation, besides the drifts of the eye, any other factor causing movement of the retinal image over the retina may prevent formation of an empty field. For example, if a sharp retinal image is shifted for several tenths of a secondthroughseveral minutes of angle because of head movements, no empty field willform. In natural conditions of perception, the fixation process is constantly accompanied by movements of several types. As records show, it isdifficult to accept that 9 e sum of these movements does not exceed the frequency required for good conditions of perception even by a s little a s one per second. Hence, under natural conditions, i t is almost impossible to make an empty field appear even when the observer wishes. Such an attempt is usually successful only for very short periods of time and only if the retinal image is highly out of focus.



CONCLUSIONS Fixation of attention directed towards an element of a stationary object is accompanied by fixation of the gaze. Subjectively, this fixation of the gaze is perceived by the observer a s fixation by stationary eyes. In reality, however, the eye moves in three ways during fixation: by small involuntary saccades, equal for the two eyes; by drift, slow, irregular movement of the optical axes in which, however, some degree of constancy of their positionis retained; andby tremor, an oscillatory movement of the axes of the eyes of high frequency but low amplitude. Head movements, blinking movements of the eyes, saccades,drift, and tremor during fixation on an element of a stationary object create a certain mobility of the retinal image andprevent the formation of an empty ,field. The formation of an empty field in intervals between saccades is prevented mainly by the drift of the eyes.
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SACCADIC EYE MOVEMENTS As mentioned above, two features a r e characteristic of any saccadic movement of the eyes: (1) an almost perfect identity of the movements of both eyes; and (2) highvelocity (the duration of saccades is measured in hundredths ofa second). Under normal conditions these features a r e constantly observed and may be clearly recorded by any suitably sensitive method of studying eye movements. The main function of saccades is to change the points of fixation, to i direct the most sensitive regionof the retina (the fovea) to a particular element of the object of perception. The nature of saccades i s r e sponsible for much of the refinement of perception. The high velocity and correspondingly short duration of the saccades usually permit the eye to remain in a state of fixation for about 95%of the total time. The velocity and duration of the saccades were first studied by Lamansky (1869) who used the method of after-images. During the experiment, when the points of fixation were changed, a bright flickering source of light was kept in the subject's field of vision. Every time the change of points of fixationwas complete, the light was turned off, and the subject perceived the after-image in the form of a broken line. Given the flicker frequency and the number of flashes imprinted during the change in the points of fixation, the experimenter could determine approximately the duration and velocity of the saccade. Saccades have also been studied in 'detail by Dodge (1907) and more recently by A. L. Yarbus (1956~). Westheimer (l958), and 8. Kh. Gurevich (1961).
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1. DURATION OF THE SACCADE Let us first consider in detail the question of the duration of the saccades. In all experiments to record saccades, the PI cap was used
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together with a special slit photokymograph, inwhich the photosensitive paper moved a t a speed of 5 m/sec. The photosensitive paper was fixed to the large and rapidly turning drum of the photokymograph. During the experiments the subject was shown two points equidistant from the axis of the cyclopic eye; he fixated alternately on the two points. The distance between the points of fixation varied from experiment to experiment. The amplitude of the saccades was determined entirely from the records on the photokymograph paper, since the angular measurement of the saccades differed systematically from the angular distance between the points intended for fixation (usually the angular measurement of the saccade was less thanthe angular distance between these points). Because of the high velocity of movement of the photosensitive paper, the duration of the saccades could he measured with an accuracy of r0.01 sec. Some idea of the character of the eye movements during a saccade may be gainedfrom the records shown in Fig. 72 of horizontal saccades between two points visible to the ohserveratan angle of 8". It is clear from Fig. 72 that during a change in the points of fixation the velocity of the eye movement rises smoothly, reaches a maximum, and then falls smoothly. In natural conditions the amplitude of the saccade usually does not exceed 20". Very often rotations of the eyes exceeding 15' may he composed of two o r three saccades, or they may even be accompanied by a corresponding rotation of the head. Lancaster (1941) claims that about 99%of eye movements a r e composed of saccades less than 15' in amplitude. Later we shall study saccades whose amplitude does not exceed 20". In the f i r s t series of experiments the duration of horizontal saccades was measured. The results of these experiments a r e given in Fig. 73. The duration of vertical 'saccadic eye movements is illustrated in Fig. 74. The same results a r e shown in Fig. 75 f o r saccades taking place a t an angle of 45" to the horizontal (or vertical) plane. The following conclusions may be drawn from an examination of Figs. 73, 74, and 75. The duration of the saccade is dependent on its amplitude; for Saccades measuring only a few degrees, the duration lies between 0.01 and 0.02 sec,whileforsaccades of 20" it may exceed 0.07 sec. The durationof thesaccadeis independent of o r only slightly dependent on, the direction in which i t occurs. This conclusion is drawn from the fact that the graphs in Figs. 73, 74, and 75 differ only slightly from each other. It is clear from the graphs (Figs. 73, 74, and 75) that saccades of the same size may vary in duration. The durations of the saccades of the same amplitude may differ by as much
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a s 0.01, o r even 0.015 second in duration. The next experiments examined the question of whether the duration of the saccade depends on the position of the eye at the moment the saccade begins It was found that, apart from the most extreme positions (positions of the eye not found in natural conditions of perception), the duration of the saccade depends entirely on its amplimde andis not appreciably dependent on the position from which this saccadeisperfor~ned. To confirm this conclusion, the results of one series of experiments a r e given in Fig. 76. The graph in this figure shows the durations of the vertical and horizontal saccades made by a subject in a number of unusual conditions. Vertical saccades were performed when the eye was turned downward almost to the limit, and horizontal saccades were performed when the eye was turned to the left almost to the limit. The distance hetween the points of fixation in hothcases was 3". It is easy to s e e that the duration of the saccades and their scatter in this case do not differ substantially from the duration and scatter of thesaccades of the same amplitude illustrated in Figs. 73, 74, and 75. Attempts were next madetodetermine the extent to which the duration of the saccade depends on the subject's will, and whether, for example, a subjectcanperform saccades of the same angular magnitude



Fig. 72. Sample recording of saccades on photosensitive paper movmg at 5mjsec.
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Fig. 74. h a t i a n of vertical saccades of the eye a s a function of the angle through the eye turned when changing the Paints of fixalion. a) Subject P; b) subject R: I) Readings obtained while subject's eye was moving upward: 2) the same, while the eye was moving downward.



a t different speeds, thus changing their duration. The records showed that a subject cannot voluntarily change the duration and character of the saccade. Usuillly, all the subjects felt that it was relatively easy to make the saccades faster o r slower a t will. However, the records showed that the sensation of a fast saccade appears a s a result of a decreased duration of fixation on the points betweenwhich the saccade is made. All attempts to make fast saccades were accompanied by a reduced (compared with the normal) duration of fixation. Attempts to make slow saccades produced a very brief intermediate stop (0.1-0.2 sec). In other words, a subject trying to make a particular saccade slow, made instead two o r threeordinarysaccades of smaller amplitude. The intermediate stop in this case was not noticed by the subject, so that the changes in the points of fixation appeared to be slow. The duration of saccades, some ofwhich subjects tried to make
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Fig. 76. Duration of saccades. Fixarion points given at an angle of 3'. 1) Readings made while the eyes were w n e d downward almost to the limit. Vertical saccades; 2) readings made while the eyes were turned to the left almast to the limit. Horizonld saccades.
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Fig. 75. Duration af saccades of rhe eye at an angle of 45' to the vertical as a function of the angle through which the eye turned when changing the points of fixation. a) Subject K; b) subject R: 1) Readings obtained when the subject's eyes moved upward and to the right; 2) when the eyes moved downward and ta the left.



very fast and others very slow, is illustrated in Fig. 77. It is clear from this figure that for each of the three subjects some of the "fastn saccades lasted longer than the "slow." From experiments such a s these it is concluded that, generally speaking, after the parameters of a saccade have been assigned and the saccade has begun, it cannot be modified in any way. Besides the experiments described above, other considerations favor this view. Since saccades last only several hundredths of a second, it i s hard to believe that any form of correction can be introduced into their course, o r that the amplitude of the saccade can be changed during such short intervals of time. Experiments show that any corrections to saccades, when they occur (as they very often do), take place by means of small supplementary saccades, but only after At the time of a saccade, the the primary saccade is completed.



angula~velocity of movement of the eyes is so great that in perception of stationary objects the retinal image may be regarded a s "blurred." Because of this blurring we usually s e e nothing during a saccade, and it i s highly improbable that in such conditions the eye should be able to receive information necessary for introducing any form of correction. The duration of saccades made by the eyes of several obsetvers is shown ill Fig. 78. From such graphs an attempt was made to discover individual variations in the saccades of different observers. It may be concluded from an exammation of the graph in Fig. 7 3 and graph a sec O.050
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Fig. 77. h a t i o n of saccades of the eye when the observer tried to make fast o r slow saccades. Fixation points given at an angle of 7'. Subject K: 1) 'fast" saccades: 2) "slow". Subject P: 3) "fast' saccades; 4) "slow.. Subject R: 5) .fastm saccades; 6) "slow."
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Fig. 78. Duration of saccades of five subjects. Fixation points given at an angle of 7". a-Graph of duration of horizontal saccades; b-duration of vertical saccades. 1 ) Subject K: 2) subject P; 3) subject R; 4) subject I(N, 5) subject T.
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in Fig. 78 that the duration of the horizontal saccades differs slightly from one observer to another (by several thousandths of a second). However, graph b in Fig. 78, showing the duration of the vertical saccades, does not have this clear difference. Hence individual variations in the duration of saccades in different subjects must not be taken for granted; in many cases this variation may evidently be disregarded. It is clear from Figs. 76, 77, and 78 that, on the average, the amplitude of the saccades is less than the angular distance between the points of fixation. F o r example, when the distance hetween the points of fixation was 7" (Figs. 77 and IS), the mean amplitude of the saccades performed between these points was 6.5". The experiments show that this phenomenon is always encountered if the object of fixation consists of points. If two clearly visible and large enough vertical lines a r e drawn through two such points, for example on the horizontal plane, the records show that the amplitudes of the saccades will not coincide with the angular distance between the vertical lines in this case either. Summarizing the data in section 1,it may be said that under normal conditions the duration of the saccadic movements of the eyes is, roughly speaking, only a function of the angle through which the eye turns when changing the points of fixation. The relationship between the duration of the saccade and the angle through which the eye turns may be expressed by the following empirical formula (Fig. 79):



T = 0.021~~2 where T is the duration of the saccade in seconds, and a, the angle in degrees through which the eye turns when changing the points of fixation. The maximal scatter of the experimental points (Fig. 79) is approximately 1-0.005-0.007 sec.



2. DEVELOPMENT OF THE SACCADE IN TIME



Fig. 79. Graph showing relationship between duration of the saccade and the angle through which the eye turns.



Careful examination of the records of saccades in Fig. 72 will reveal the close resemblance between these records and sinusoidal curves. Closer examination shows that in fact the records of most horizontal and vertical saccades not exceeding 15-20" approximate sinusoids very nearly (oblique saccades arenotnowbeing considered). As an example, records of horizontal saccades with the points of the corresponding sinusoid marked directly on the paper tape of the pbotokymograph a r e shown in Fig. 80. Records of saccades measuring
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By differentiating equation (I), we obtain a formulafor the angular velocity (a)of the eye movement during a saccade (Fig. 82):



Fig. 80. Records of saccades. The poinrs of the corresponding sirmsoid are plotted on one of the tracings.



15-20" show a much l e s s close approximation to the sinusoidal curve. In the middle part of the curve, rectilinear areas appear (corresponding to uniform velocity), and the curves become slightly asymmetrical (the time of increase in velocity of the saccade is apparently shorter than the time of its decrease). According to some authors (Hyde, 1959), this asymmetry is particularly noticeable with very large saccades (50-60"). Naturally, therefore, recordings of saccades larger than 15-20" cannot approximate a sinusoid. For saccades of less than 15-20", we can give a formula describing the change in the angle Of rotations of the eye during the saccade in time (Fig. 81):



Naturally this formula only approximately describes the course of saccades measuring 15-20' and it cannot beappliedto saccades larger than 20". Assuming that the radius of the eye is 1.2 cm, and using formula (2), we obtain an expression for the linear velocities ( u ) of the center of the cornea in the process of a saccade not exceeding 2Cf in amplitude (Fig. 82). u = 0.021 0. (3) It follows from equation (2) that the velocity of the saccade rises smoothly, reaches a maximum, and then falls smoothly to zero. For saccades smaller than 15-20", the increase and decrease of velocity follow a sinusoidal rule (the times of increase and decrease in velocity a r e approximately equal). For large saccades (exceeding 20") the increase in velocity occupies less than half the total duration of the saccade. A correspondingly longer period of time is occupied by the decrease in the velocity of the saccade. The maximal velocities of the saccades a r e clearly dependent on their amplitude.



where t is the time in seconds, (0 < t < T ) , a is the angle of rotation during the saccade in degrees (0 
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