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ABSTRACT 

This is a study of the vestibulo-ocular and vestibulo-collic reflexes, 

two neuromuscular control systems providing velocity stabilization of eye and head 

respectively, relative to space. As wel/'as having a common l'ole in visual image 

stabi lization, the two systems share the same angular velocity sensor, the semicircular 

canal, and the responses of both are complicated by the occurrence of saccades, or 

quick re-positioning flicks which permit intermittent velocity stabilization (between 

flicks), even during movements whose amplitude exceeds the Iimits of eye or head 

excursion respective Iy. In the vestibulo-collic: system further complexity arises because 

of direct mechanical feedback of the canal signal. Detai/ed study of these interrelated 

dynamic systems requires mathematical analysis, with careful consideration of possible 

dynamic properties of system components. 

Accordingly, three major themes are developed, ail to sorne extent 

based on control the oretical principles, i.e. critical analysis of previous work, theore-

tica 1 studies, and experimenta 1 investigations. 

1. Previous anatomical and physiological investigations of relevant system components 

are examined in sorne detai/ with emphasis on their potential contributions as parts of a 

dynamic system. 

2. Vestibulo-ocular and vestibulo-col/jc systems are examined theoretically as control 

systems. In the case of the former, for which a working mathematical model exists, the 

work described (a) has demonstrated sorne further implications of this model, and (b), 

using a modified model, has shown that observed irregularities in saccade amplitude and 

frequency are very probably strategi.cally determined to optimize performance. In the 



latter case, the vestibulo-collic system, theoretical analysis clarifies the nature of 

the system, yields predictions as to system performance (experimentally confirmed in 

a later section), and suggests specific experimental approaches. 

3. Study of vestibulo-collic system response in man has demonstrated that significant 

that significant nystagmoid head stabilization can occur. In the pigeon, functional 

characteristics of closed loop vestibulo-collic response have been studied quantitatively 

and summarized mathematicallYi the level of arousal, presumablyaffecting loop gain, 

emerges as a major determinant of system response. Vestibulo-ocular response in pigeons 

has been examined as a means of estimating dynamic properties of the semicircular canal, 

and to this end a new method of analyzing this reflex response has been developed. In 

the pigeon, the vestibulo-collic system shows considerably better low frequency perfor-

mance than the vestibulo-ocular system. 
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ABSTRACT 

This is a study of the vestibulo-ocular and vestibulo-collic reflexes, 

two neuromuscular control systems providing velocity stabilization of eye and head 

respectively, relative to space. As weil as having a common role in visual image 

stabilization, the two systems share the same angular velocity sensor, the semicircular 

canal, and the responses of both are complicated by the occurrence of saccades, or 

quick re-positioning flicks which permit intermittent velocity stabi lization (between 

flicks), even during movements whose amplitude exceeds the limits of eye or head 

excursion respective Iy. In the vestibulo-collic system further complexity arises because 

of direct mechanical feedback of the canal signal. Oetailed study of these interrelated 

dynamic systems requires mathematical analysis, with carefu 1 consideration of possible 

dynamic properties of system components. 

Accordingly, three major themes are developed, ail to some extent 

based on control the oretical principles, i.e. critical analysis of previous work, theore-

tical studies, and experimental investigations. 

1. Previous onatomical and physiological investigations of relevant system components 

are examined in some detai 1 with emphasis on their potential contributions as parts of a 

dy nam i c system. 

2. Vestibulo-ocular and vestibulo-collic systems are examined theoretically as control 

systems. In the case of the former, for which a working mathematical model exists, the 

work described (a) has demonstrated some further implications of this model, and (b), 

using a modified model, has shown that observed irregularities in saccade amplitude and 

frequency are very probably strategically determined to optimize performance. In the 
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latter case, the vestibu lo-collic system, theoretic'll analysis clarifies the nature of 

the system, yields predictions as to system performance (experimentally confirmed in 

a later section), and suggests specific experimental approaches. 

3. Study of vestibulo-collic system response in man has demonstrated •••••• 

that significant nystagmoid head stabi lization can occur. In the pigeon, functional 

characteristics of closed loop vestibulo-collic response have been studied quantitatively 

and summarized mathematicallYi the level of arousal, presumablyaffecting loop gain, 

emerges as a major determinant of system response. Vestibulo-ocular response in pigeons 

has been examined as a means of estimating dynamic properties of the semicircular canal, 

and to this end a new method of analyzing this reflex response has been developed. In 

the pigeon, the vestibulo-collic system shows considerably better IQW frequency perfor­

mance than the vestibulo-ocular system. 
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CHAPTER 1 1. 

INTRODUCTION 

The vertebrate organism has evolved a powerfui set or interlocking 

hierarchica 1 control mechanisms for stabi lization of the visua 1 image on the 

retina of the eye. Major sources of afferent information for these reflex 

controls are visua l, vestibu lar and kinaesthetic, the latter referri ng primari Iy 

to information arisi ng in musc le and joi nt receptors. On the efferent side of 

the reflex arc, ~isua 1 stabi lization is achieved through compensatory and 

tracking movements of the eyes and head, and to a lesser extent through 

adjustments of body position and posture. The subsystems involved in control 

of these three effector platforms are closely related, utilizing sensory information 

arising in many cases from the same sources, and sharing many neura 1 transmission 

and processing facilities. In addition these systems are ail to sorne extent con­

cerned in posture and in the subjective awareness of body orientation and of the 

disposition of body parts, a fact which further emphasizes their close functiona 1 

re lationships with one another. 

The principal the me of this thesis is the role of semicircu lar canal infor­

mation in the stabilization of the he ad and eyes during body rotation in the horizontal 

plane. In order to obtain an overall perspective, if is 'appropriate to consider briefly 

the major reflex systems involved in head and eye movement, and their role in the 

larger question of postural control. These considerations are largely confined to 

systems active during rotation in the horizontal plane, mainlybecause rotation in any other 

plane complicates the issue by introducing additional influences due to rotation of 

the gravitationa 1 vector re lative to the head. 

Reflex tracking movements of the head and eyes may resu It from vi~ua 1 

stimulation alone, the well-known optokinetic or "train" nystagmus being a particular 

manifestation of these reflexes. Head movement control under these circumstances 

has not been extensively studied, but ocular tracking has received cons,iderable 

attention. Young (1962) and others have suggested that purely visual tracking depends 

on position and velocity information derived from the visual input, with corrections 

applied to the eye's tracking velocity and position at discrete intervals of time, in 

.. 
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addition to continuous velocity correction. However there appears to be velocity 

saturation, so that the maximum target ve locity which the human eye wi Il track 

under visual control alone is considerably less than the maximum velocity of the 

tracking eye movements which occur in response to vestibular stimulation. More­

over tracking fai Is for inputs having frequency components in excess of about one 

cycle per second. 

Information from both linear and angular labyrinthine motion sensors is 

involved in the vestibular control of eye movement. In the better-known rotational 

case, significant eye stabi lization relative to space is achieved, even in the absence 

of vision, by the "vestibulo-ocular system", which produces compensatory eye move­

ment whose velocity is approximately proportional to the canal signal, itself closely 

related to head angular velocity under normal circumstances. This system provides 

stabi lization at higher input frequencies than does the visua 1 tracking system, and is 

clearly of considerable importance during rapid head movements, as in running over 

rough terrain l or during trave 1 in sorne man-made vehicles; for example, low-Ievel 

flight at high speed in turbulent air, or land vehicles moving over rough terrain. 

However there is apparently little correction for errors in the semicircular canol 

signal such as occur during rotation with slowly changing angular velocity. The 

loss of visual acuity in these circumstances is sorne times very disturbing to man when 

he exposes himself to motions which fall outside the normal physiological range of .. 

operation of this system, as frequently occurs for example during normal rotational 

manoeuvers in flight and space, or during underwater activities. 

Vestibular stabilization of the head is known to be important in birds and 

small animais, and is potentially significant in any animal having efficient vestibular 

sensors and a suitably mobile head. The possible functional difference between this 

mode of visual-image stabilization and that achieved through the vestibulo-ocular 

system is considerable and has not previously been considered in detail. Considering 

again only the horizontal rotation case, it is apparent tnat eye movement must 

slavishly follow the canal signal, whereas head mov~ment modifies it, compensatory 

he ad movement tending to null thè canal signal which produced it. $uch direct 

. -



3. 

mechanical feedback could theoretically result in a radical difference between 

the dynamic behaviour of this system and that of the vestibulo-ocular system, 

despite the fact that both utilize the same sensor, the semicircular canal. In 

particu lar there exist the possibi lities of greater precision and a wider frequency 

range of efficient operation. In addition, of course, the introduction of compen­

satory head movement reduces the required excursion and speed of eye movements, 

a fact which may be important in bringing the velocity of eye movement within 

the range in which the visual tracking system can operate effectively. 

There are a number of subsidiary mechanisms which affect the operation 

of the three major systems already mentioned. These include orienting responses 

to auditory and tacti le stimuli, and reflexes based on information from muscles and 

joints, the latter being of particu lar interest in the present contexte Proprioceptive 

reflexes originating in the neck muscles are weil known to have significant effects 

on eye movement and probably play an important role in head stabilization. In any 

detai led study of combined head and eye stabi lization it would be necessary to consider 

the interrelated effects of su ch reflexes originating in eye muscles as weil as neck 

muscles. .~ . 
Vestibular stabilization of the head obviously has a primary postural function 

in addition to its role in visua 1 image stabi lization. Man and higher vertebrates appear 

to rely heavily on vision as an information source for postural control, but the use of 

visua 1 information for this purpose requires accurate assessment of the disposition of 

the body and ifs parts. Such assessment may be made on the basis of information from 

musc le and joi nt receptors, supplemented by those sensations of touch and pressure 

which can be related to the direction of gravit y • In precise Iy the sa me way, vesti­

bular information about angular and linear head movement probably contributes also 

to the assessment of body motion and position. However for this assessment to be 

related to surroundings fixed in space, sorne sort of reference must be provided, such 

as vision or a relatively stationary gravitational field. The problem of distinguishing 

linear translational movements of the head (and body) from changes in the orientation 

of the head with respect to the gravitational fie Id is considerable in the absence of 

.. 
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other se'lsory information, although Mayne (1969) has recently suggested specific 

ways in which this could be achieved using information From linear and angular 

motion sensors only. Alternatively, angular stabilization of the head relative to 

space, which is potentially realizeable through semicircular canal mechanisms, 

could in principle provide a model of the fixed inertia 1 coordinate system and 

thus obviate the need for other references, at least for short i nterva Is. This is 

of course the principle of the gyro-stabilized platform in inertial guidance systems, 

and it is tempting to speculate that the evolution of particularly efficient vestibular 

he ad stabilization in avian species may have been influenced by special navigational 

requirements in the airborne environment. 

ln this thesis, vestibular head stabi lization and vestibular eye stabilization 

during horizontal plane rotation are regarded as functions of two semi-independent 

neuro-muscular control systems, here called the vestibulo-collic and vestibulo­

ocular system respectively. The investigation, both experimental and theoretical, 

of these dynamic systems draws heavi Iy on the phi losophy and methodology of control 

systems theory. Experimenta 1 studies to be described are large Iy concerned wi th 

vestibular stabilization of the head in pigeons and man, a topic which has received 

little previous attention, but which is of considerable practica 1 and theoretica 1 

interest. Dynamic response characteristics of the pigeon vestibulo-ocular system 

have also been examined experimentally, for the first time. Theoretical studies are 

concerned with both vestibulo-collic and vestibulo-ocular systems, but particularly 

the latter. 

ln the course of these theoretical studies, which tend to encourage careful 

evaluation of the various components in the systems involved, it has become apparent 

that while there exists in the vestibular afferent pathway considerable potential for 

information processing, few attempts have been made to characterize the nature of 

su ch processing. Precise dynamic understanding of these processes is naturally of 

great significance for any attempts at detailed modelling of visual and postural 

stabi lization systems, particu larly if su ch mode Iling is to be sufficient Iy rea listic to 

seriously advance our understanding of the nature of neural control structure and form 

.. 



a firm theoretical basis for rational medical diagnosis and treatment. Consequently 

in the review of current knowledge of the vestibular sensory system which-forms 

the first main portion of this thesis, careful attention is given to the potential for 

information processi ng which exists at each stage of the afferent pathway. 

The thesis is divided into three mai n parts, whose content may be rough Iy 

summarized as Historica l, Theoretical and Experimenta 1. In Part 1 there is first 

an outline of the anatomy of the labyrinth and the microscopic anatomy and physi­

ology of the sensory epithelia (Chapter 2). Next, in Chapter 3, the functional 

characteristics of the semicircu lar cana 15 are reviewed. Theories of the hydro- . 

mechanical operation of the cana Is are followed from their infancy in the late 

nineteenth century totheemergence of the overdamped second-order "torsion 

pendulum" model, and the more recent detailed examinations of the validity of 

this widely-used approximation. The problem of estimating the dynamic parameters 

of the canal mode 1 is considered in some detail, since the approximate nature of 

some of the methods in common use ,and of the model itself,must be taken into account 

in evaluating vestibular reflex systems. The vestibular afferent pathway is the 

topic of Chapter 4, in which, as mentioned above, emphasis is placed upon the 

potential for information processing in this sensory path. Commonly held assump­

tions about semicircu lar canal thresholds are re-examined, a recent model for 

adaptation effects is considered, and a possible mechanism for low-pass filtering 

of canal information in the vestibular nuclei is proposed for the first time. 

Part Il is an account of theoretica 1 studies in the vestibu lo-ocu lar system, 

and contains two chapters. Chapter 5 begins with a detai led description of the mathe­

matical model of this system proposed by Sugie and Jones (1966), but contains in 

addition new analytical results which offer possible explanations for sorne previously 

unexplained phenomena, and suggest several avenues for future investigation. In 

Chapter 6 an account is given of a collaborative theoretical study, involving Mr . 
• 

U. Wettstein .and the author, of the optimal occurrence-times and amplitudes of the 

saccadic flicks of eye position which are so characteristic of the vestibulo-ocu lar- .. 
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response. The results of this study, which is based on a modified version of the 

Sugie-Jones model, suggest that observed variations in saccade amplitude and 

inter-saccadic interval are very nearly optimal from the point of view of 

minimizing the velocity of retinal image slip. 

Experimental investigations of vestibulo-collic and vestibulo-ocular 

responses in pigeons and man are the principal topics of Part III, but the first 

chapter of this part, Chapter 7, is devoted to consideration of historica l, ana­

tomical and theoretical aspects of the vestibulo-collic system. Chapter 8 describes 

experimental apparatus and methods, including a highly satisfactory electromagnetic 

method for recording angular head movement. Human experiments described in 

Chapter 9 have shown for the first time that vestibularly-driven nystagmoid head 

movements occur in man, at;d suggestthat the vestibulo-collic reflex may have a 

significant role in visual image stabilization despite the large mass of the human 

head. More detailed studies of the vestibulo-collic system, using pigeons, are 

described in Chapter 10. From these experiments, variations in slow-phase head 

velocity recorded in response to sinus~idal and step changes in table angular 

velocity, have been analyzed to provide for the first time a quantitative description 

of the functional characteristics of the head stabi lization system. Chapter 11 

describes experiments in which the dynamic response characteristics of the pigeon 

vestibulo-ocular system have been evaluated for the first time, yielding a new 

and more realistic estimate of the long time constant of the pigeon semicircular 

canal. A new method of evaluating vestibulo-ocular response, based on the Sugie­

Jones mode l, is a Iso described . Responses of the vestibu lo-ocu lar and vestibu 10-

collic systems in the pigeon are shown to be qualitatively and quantitatively different, 

as expected on theoretical grounds, but saccadic (quick-phase) mechanisms in the 

two systems appear to be closely related. 

Results of these experimental and theoretical studies are summarized in 

Chapter 12. 

.. 
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PART 1 

THE VESTIBULAR SENSORY SYSTEM 



CHAPTER 2 8. 

ANATOMY AND PHYSIOLOGY OF THE LABYRINTHINE RECEPTORS 

2.1 GROSS ANATOMY 

The vestibular receptors are located within the bony labyrinth of the 

middle ear and represent the phylogenetically older portion of the labyrinthine 

complex. The bony labyrinth is a system of cavities and canals in the petrous 

portion of each temporal bone, consisting of three parts, vestibule, semicircular 

canals and cochlea. It contains a clear fluid, the perilymph, which serves in 

part to support the membranous labyrinth Iying withîn it. The vestibular receptors 

are contained in the vestibule and the connecting semicircular canals. In contrast 

to the cochlea, the vestibular portion of the labyrinth is remarkably simi lar in its 

basic structure in nearly ail vertebrates. Hence the mammalian labyrinth will 

be described and minor differe!"ces in other species wi Il be mentioned as necessary. 

Descriptions of the bony anatomy are taken largely from Johnston, Devies and Devies 

(1958) • 

The bony labyrinth consists of denser bone than that surrounding it and 

hence may be dissected out intact. This is particularly true in birds in which the 

surrounding bone is extensively aerated. The vestibule is a relatively large bony 

cavity containing the utricule and saccule of the membranous labyrinth. The three 

semicircular canals make connection with it posteriorly and the cochlea anteriorly. 

Inferiorly the aqueduct of the vestibule, carrying the endo!ymphatic duct, extends 

to the poste ri or su rface of the petrous tempora 1 bone . 

The so-ctJlled semicircular canals in fact each describe about two thirds 

of a circle in man, and more or less in other species. Each canal lies roughly in one 

plane, the three planes on each side of the head being approximately orthogonal. 

The two lateral or horizontal semicircular canals are approximately in the seme 

plane, tilted backwards in man about 300 from the classical anatomical horizontal 

plane of the skull. It seems probable that in most species the plane of the 

horizontal canals corresponds to the plane which is normal to the earth's gravita­

tional vector when the head is in the posture usual for locomotion in the particular 

.. 
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species (de Beer, 1947). The two vertica 1 cana Is on each side lie in diagona 1 

planes approximately at right angles to each other and to the horizontal canal, 

so that the plane of the anterior vertical canal on one side is parai lei to the 

plane of the posterior vertical canal on the other (Fig. 2-1). 

At one end of each canal is a di lation or ampulla, which is approxi-

mate Iy twice the diameter of the bony cana 1 itse If. The ampu Ilae of the horizonta 1 

and anterior vertical canals are at the anterior ends of these canals and are situated 

close together, where they communicate with the superior t:..1d of the utricle. The 

ampulla of the posterior canal is inferior and posterior, where this canal communi­

cates with the lower end of the utricle. The two vertical canals on each side of 

the head join posteriorly to make a common communication with the vestibule, whi le 

the posterior end of the horizonta 1 cana 1 makes a separate communication. 

The membranous labyri nth ( Gray, 1907; de Burlet, 1920; Johnston et al., 

1958; Ades & EngstrBm, 1965; Spoendlin, 1965; EngstrBm, Lindeman & Ades, 1966; 

Igarashi, 1966) is considerably smaller than the bony labyrinth, and consists of the 

sac-like utricle and saccule Iying within the vestibule, the three membranous canals 

(semicircular ducts) and the cochlear duct. Ali parts of the membranous labyrinth 

contain endolymph and are in communication with each other. The space between 

bony wall and membranous labyrinth is in port occupied by perilymph, and in part 

by trabeculae of connective tissue. The membranous canals are particularly weil 

supported, being closely adherent on their outer curvature to the bony canal 

(Engstr&m, lindeman & Ades, 1966). Utricle and saccule are anchored to the bone 

in the regions of their respective maculae (de Surlet, 1920; Engstr8m et al., 1966). 

The utricle is the larger of the two vestibular sacs and occupies the upper 

posterior part of the vestibule, where it communicates with the three membranous 

canals. Its upper anterior wall forms a pouch Iying in a bony recess and carrying on 

its anterior wa Il and floor (Spoendli n, 1965) the sensory epithe lium of the utricu lar 

macula. Lower down on the anterior wall of the utricle a fine canal leads to the 

endolymphatic duct and the saccule. The saccule also lies in a bony recess and on 

its lateral wall (Spoendlin, 1965) is found another small patch of sensory epithelium, 

the saccu lar macu la. From the lower part of the saccu le a fi ne connecti on passes 

... 
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down to joi n the coch lear du ct • 

The sensory epithelium of the vestibular portion of the labyrinth is 

found in the three ampullae of the semicircular canals and in the maculae of the 

utricle and saccule, and is similar in ail locations to the epithelium of the lateral­

line organ of fish, whichappears to be the evolutionary forerunner of the labyrinth 

system. The epithelium is supplied by the posterior or vestibular division of the 

eighth cranial nerve. The nerve ce Ils are bipolar with cell bodies in Scarpals 

ganglion, which lies on the trunk of the nerve in the interna 1 auditory meatus. 

Distally the nerve splits into seven branches, one to the ampulla of each 

semicircular canal, one to the utricle, two to the saccule and one to the cochlea. 

The saccule also receives a small nerve from the cochlear division. 

The specialized sensory epithelium consists in each case of a patch 

of columnar ce Ils with cilia projecting into a mass of gelatinous material Iying 

in the endolymphatic cavity over the surface of the epithelium. In the semi­

circular canals the epithelium is thrown into a transverse crest, the crista ampullaris, 

Iying across the ampullary dilation away from the center of curvature of the canal. 

The gelatinous cupula is usually described as a flap extending from the crest and 

sides of the crista to the uniformly curved opposing wall of the ampulla. Dohlman's 

observations (1961, 1967) suggest that in life the cu pu la is much broader and more 

rounded in cross section than it is usually depicted. It is of homogeneous gelatinous 

structure containing fine cana Is into which protrude the sensory hairs, which may 

extend a Imost to the top of the cupu la (Doh Iman, 1961). Stei nhausen (1927) and 

Doh Iman .(1935) have shown that the cupu la forms a water-tight barrier across the 

ampulla, and can be made to move by changing the pressure in the endolymph on 

one side. 

The macular epithelium of utricle and saccule is also curved, and each 

macula is covered by a fibrillo-gelatinous mass of quite distinctive structure (Johnson 

& Hawkins, 1967). Relatively few macular sensory hairs project far into the substance 

of the respective otolithic membrane, which consists according to these authors of 

a ge lati nous ground substance contai ni ng a fi ne branchi ng fibri lIar network, carryi ng 

on its surface an accumulation of calcareous crystals. It seems clear that the 
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otolithic receptors respond to linear acceleration, being sensitive to tangentia 1 

shearing forces (Trincker, 1957-62) because the calcareous otoconia are more 

dense than the surrounding endolymph. 

2.2 MICROSCOPIC ANATOMY OF THE SENSORY EPITHELIA 

The microscopic anatomy of the vestibular sensory epithe lium has 

recently been under intensive study (WersHII, 1956; Flock, 1964; Lowenstein, 

Osborn & WersHII, 1964; Ades & Engstr&n, 1965; Engstr~m, Lindeman & Ades, 

1966; WersHl1 & Lundquist, 1966; Spoendlin, 1965, 1966). The sensory areas 

of maculae and ampullae are composed of columnar hair cells,which are the 

mechano-neural transducers, and supporting cells. In fish and frogs the hair cells 

are ail simple cylindrical cells innervated by myelinated nerve fibers making 

connection at the base of the hair cells (Lowenstein, Osborn & Wers811, 1964). 

ln mammals and birds there are two types of hair cell (Wers811, 1956). Type 1 

hair cells are flask-shaped, and surrounded by nerve terminais in the form of a 

chalice, while Type Il cells ar~ cylindrical with a rounded base to which small 

nerve endi ngs make contact. 

On the cell surface there are two types of hair processes, each cell 

having one kinoci lium located at the periphery of the hair bundle, and 60 - 100 

stereocilia. The latter are arranged in a regular pattern and are graded in height, 

the longest being on the side of the cell nearest the kinocilium and the shortest 

away From it. In each of the cristae the kinoci lia of the sensory ce Ils are a Imost 

ail oriented the same direction. In the cristaof the horizontal canal the kinocilia 

ail face the utricle, whereas in the vertical canals the hair cells ail have kinocilia 

facing away From the utricle (Lowenstein & WersHII, 1959). This morphological 

polarization of the sensory cells may have important functional significance since, 

as these authors point. out, the different orientation of kinocilia in horizontal and 

vertica 1 cana Is corresponds to the di rection of cupu la deflection which produces 

increased frequency of firing in the ampullary nerves. Cupula deflection towards 

the utricle ("utriculopetal") excites the receptors of the horizontal canals, and 

lIutriculofugal" deflection excites in the vertical canals. In both cases theexcitatory 
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deflection is one in which the hoir processes are deflected towards the side of the 

ce Il which bears the ki noci lium. 

The Type 1 sensory cell makes very close contact withits nerve cha lice 

at several locations, and it seems possible that neural transmission at these 

junctions may be electrical (Spoendlin, 1966). At the Type Il sensory cells 

there are two types of small nerve ending making direct contact. A sparsely 

granulated type of ending similor in appearance to the nerve chalice surrounding 

the Type 1 sensory ce Il is most numerous, and is thought to represent the afferent 

nerve terminal. A second type of endirig is fi lied' with vesicles and is presumed to 

be an efferent presynaptic terminal. A few of these vesiculated endings are also 

seen in association with Type 1 sensory cells but in tnis situation they make contact 

not with the sensory cell itself, but with the outer surface of the chalice-like 

structure of the afferent nerve termina 1. The more common arrangement of the 

sensory ce Ils and nerve terminais is seen in Fig. 2-2, taken from the publication 

by Ades and Engstr~m (1965). 

2.3 MECHANO-NEURAL TRANSDUCTION IN LABYRINTHINE RECEPTORS 

Modern theories of the operation of the labyrinthine receptors, including 

the cochlea, depend on the assumption that the nervous impulse is somehow generated 

by deflection of the hoir processes of the sensory ce\ls as a result of movement of 
, 

the overlying gelatinous mass, cupula, otolithic membrane or tectorial membrane 

as the case may be, and much intensive study has been devoted to finding out how 

this comes "bout. Before going into this problem it is necessary to review briefly 

what is known of the neurophysiology of the receptor ce Ils. The sub ject has been 

reviewed by Trincker (1962). 

As in other mechanoreceptor cells, various potentials may be recorded 

from the labyrinthine sensory cells. The first to be observed was the cochlear micro­

phonic or "Wever-Bray effect ll recorded by these authors in 1930. This. was 

originally described as an alternating potential of low amplitude produced at the hair-. 

beari ng surface of the sensory ce Ils in response to sound stimu lotion and at the sorne 

frequency. Von Bekesy (1951) has shown that the coch lear microphonic is a function 
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of the displacement of the tectorial membrane and is maintained steady during 

steady displacements. Associated with the cochlear microphonic is the 

"Summating Potential", a steady potential across the hair cells (endolymph 

negative) which occurs during moderate to strong acoustical stimulation. This 

potential also seems derived from the hair cells and may be a result of some sort 

of mechanical rectification process (Davis, 1960). Finally in addition to the 

action potential and the DC polarization of the interior of the hair cells there 

is a steady DC potential in the endolymph of about 80 mv. positive relative to 

the peri Iymph. This potential appears to arise in part from secretory cells in the 

stria vascu laris of the coch lea (Davis, 1960). 

The situation in the vestibular receptors of the labyrinth has obvious 

parallels with the situation in the cochlea although precise relationships are not 

c lear . As in the case of the coch lea the generator potentia 1 was fi rst observed 

in the form of "microphonics", i.e., alternating potentials in response to a 

rapidly oscillating stimulus (Ashcroft & Hallpike, 1934). In the otolith organs 

such microphonics can be produced by mechanical vibration (Ashcroft & Hallpike, 

1934), and in the cristae of the semicircular canals by sound (Tullio & Storti, 

1938). In the latter case it is necessary to provide a fistula in the bony wall of 

the canal to permit the fluid vibrations set up at the oval window to reach the 

cristae. Ampullary microphonics were recorded by several investigators in a 

number of different experimental animais (de Vries & Bleeker, 1949; van Eyck, 

1949; Trincker & Partsch, 1957), and appeared to have the same characteristics 

as cochlear microphonics including the absence of latency, refractoriness and 

fatigue. Trincker and Partsch (1959) found that ampullary microphonics could 

reach frequencies of 120,000 Hz. 

Trincker (1957, 1959) subsequently recorded a DC potential in the canal 

endolymph, positive with respect to the peri Iymph. He found a potentia 1 of about 

120mv.across the hair ce Il layer which could be varied by manoeuvers producing 

cupula deflection.Utriculopetal deflection in the horizontal canal and utriculofugal 

deflection in the anterior vertical canal produced greater negativity within the crista, . 
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and deflection in the opposite direction reduced negativity. The curve relating 

potential to cupular deflection is sigmoid (Fig. 2-3) but the plateau in the 

excitatory direction is higher thon in the inhibitory direction. The measured 

potential changes appear large compared to the microphonics, which are of 

the order of 100 microvolts in amplitude. However, Trincker used large cupula 

deflections (:1: 600
) in these experiments and there is evidence to suggest that in 

the normal operation of the semicircular canals the actual cupula deflections are 

much small.r(see below). Trincker (1959a, 1961) has also recorded DC potentials 

from the ut ri cu lar macu la, which vary with artificia 1 tangentia 1 movement of the 

otolithic membrane in both directions. 

'. The precise mechanism of hair cell stimulation remains a highly controversial 

question and much remains to be elucidated. According to an early hypothesis, 

rejected by most authors, hoir cell distortion produced a potential bya piezo­

electric mechanism. Davis (1957) suggested for the cochlea that the hair cell 

membrane might oct as an electrical resistance varying with deformation. Current 

flow due to the potential across the membrane would thus vary with the bending or 

shearing of the hoirs. 

Dohlman (1960) argued against current flow as the origin of the potential 

on the grounds that (a) the microphonic shows no latency, refractoriness or fatigue, 

and (b) endolymph is similor in composition to intracellular fluid and contains a 

high concentration of potassium (Smith, Lowry & Wu, 1954; Citron, Exley & Hallpike, 

1956; Rauch & Koestlin, 1958). With the endolymph 120-150 mv. positive with 

respect to the anterior of the cell, and a large ciliated cell surface in contact with 

endolymph, the cell would be flooded with potassium if the membrane were permeable. 

He therefore suggested that the hair bearing membrane is impermeable and functions 

as the dielectric in a capacitor with static charge bui It up on either side. Such a 

charge might explain the apparent stiffness of the ci lia in the living preparation, 

compared to their limp appearance after death. He suggested that the resting endo­

Iymph potentia 1 is produced by the polarization of active secretory areas, the stria 

vascularis in the cochlea and in the vestibular system the planum semi lunatum. This 

is an area on the side of the crista which shows a rapid secretion of sulfated 
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mucopolysaccharides (Dohlman & Ormerod, 1960) which are taken up by cupula 

and endolymph. Vi Istrum and Jenssen (1961) showed in vitro that movement of 

such mucopolysaccharide substances produced "displacement potentials" in the 

axis of movement. Dohlman (1960) and Christiansen (1961) suggested that a 

film of polysaccharide molecules covering the cilia might be the cause of the 

generator potentials. 

Finally, lowenstein and Wersl:UI (1959) were led by the similarity of the 

kinoci lium to motile ci lia, to suggest that they might oct as a "mobi le ci lium in 

reverse", a view supported by Trincker (1960) and Groen (1961). However, as 

lowenstein (1966) subsequently pointed out, there are no clearly distinguishable 

kinocilia in the cochlear hoir cells. Moreover, such a mechanism would again 

require sorne cell functions involving ionic movements and Dohlman's arguments 

(1960) regardi ng latency, refractori ness and fatigue wou Id agai n apply • 

2.4 EFFERENT INNERVATION OF VESTIBULAR RECEPTORS 

1 t is now we Il estab lished that there is a descendi ng system of neurones 

from the auditory cortex to the coch lea (Rasmussen, 1955). At the leve 1 of the 

Vllith nerve this efferent system consists mainly of the olivo-cochlear bundle 

extending from the contralateral olive to the cochlea, but in addition there is an 

uncrossed pathway from the olive (Rasmussen, 1960). The function of this system 

remains uncertain despite intensive investigation. Recent work, reviewed by 

Filigamo, Candiollo and Rossi (1967) and Fex (1967) indicates a powerful inhibitory 

action by. efferent fibers, with crossed and uncrossed components hoving rother 

different peripheral connections and effects. 

Wersl:HI (1956) and EngstrBm (1958) suggested on morphological grounds 

that the vesiculated nerve endings seen in the vestibular sensory epithelia were 

efferent terminais. At about the sorne time Petroff (1955) observed the disappearance 

of a system of fine nerve fibers in these regions following eighth nerve section and 

following a midline incision in the floor of the fourth ventricle. In 1958 Dohlman, 

Farkashidy and Salonna demonstrated acetycholinesterase activity in the sensory 

epithelium and this activity was subsequently found to disappear following section 

of the Vllith nerve (lreland & Farkashidy, 1961). Rasmussen and Gacek (1958) 
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and Gacek (1960a) reported anatomical investigations demonstrating the 

existence of a mye li nated efferent vestibu lar pathway. with fibers extendi ng 

into the five vestibular sensory areas (three cristae and two maculae), but they 

were only able to follow them as far as the basement membrane of the neural 

epithelium. In contrast to Petroff they found no crossed fibers, and felt that 

the fibers originated From the homolateral lateral vestibular nucleus. Rossi 

(1964) and Rossi and Cortesina (1965) described three efferent pathways, a Il 

uncrossed, originating from the lateral vestibular nucleus, from a small adjacent 

group of ce Ils, and from the pontine and bulbar reticular formation near the midline. 

Carpenter (1960) however reported investigations indicating that uncrossed efferent 

fibers originate mainly in the media 1 and superior vestibular nuclei, and that in 

addition there are efferent vestibular fibers, mainly crossed, arising in the fasti­

gial nuclei. Recently Llinas, Precht and Kitae (1967a, 1967b) have demonstrated 

a direct monosynaptic projection from Purkinje cells in the auricular lobe of the 

frog cerebellar cortex to the vestibular sensory epithelium, in addition to mono­

synaptic and disynaptic connections from the sensory epithelium to the Purkinje 

ce Ils . 

Little is known about the precise mode of termination of cerebellar and 

other vestibu lar efferent fibers. Gacek (1960b) reported that the Vllith nerve in 

the cat contains about 12,000 vestibular fibers but only about 200 efferent fibers. 

Engstr&n, Lindeman and Ades (1966) have pointed out that the number of vesiculated 

efferent nerve terminais in the vestibular epithelia is far greater than 200. They 

suggest that some of the efferent terminais may originate as branches of afferent 

fibers feedi n9 bock to the sensory ce Ils. 

Physiologica 1 investigation of the efferent systems has been sparse. 

Schmidt (i963) recorded in the proximal ends of cut ampullary and macular nerves. 

He found no resti ng activity but recorded action potentia Is on stimu lati ng the contra­

latera 1 ampu lIae. Sa la (1962, 1963, 1965) stimu lated Deiter's nuc leus and 

recorded activity occurring after a long latency (22-32 msec.) in the vestibular 

portion of the contralateral Vlllth nerve. He also studied the effects on the DC 

potential in the crista ampullaris, and found that caloric stimulation of one ear 
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produced depolarization in the ipsilateral crista and hyperpolarization contra­

laterally. Electrica 1 stimu lation in the region of Dieter's nucleus produced 

hyperpolarization bi laterally. 

These fi ndi ngs suggest an i nhibitory functi on for the efferent pathway, 

as one might expect by comparison with other receptors and on theoretical grounds. 

Lowenstein (1966) has commented on the possibility of sharpening of contrast by 

a zone of inhibition around an area of excitation, a rnechanism which seems to 

crop up again and again in peripheral information processing. Lowenstein (1966) 

has also ~uggested that a possible function of efferent control might be to bias 

a given sensory unit 50 as to change its operating range on its own s-shaped 

characteristic curve. Groen (1961) visualizes the possibility that the kinocilia 

are in effect motile and capable of changing their viscosity or elasticity under 

the influence of efferent fiber activity. Such a property might explain the 

apparent changes in the dynamic characteristics of the semicircular canals which 

sometimes seem to occur (see be low) • 
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FUNCTIONAL CHARACTERISTICS OF THE SEMICIRCULAR CANALS 

3.1 HISTORICAL DEVELOPMENT OF THEORIES OF THE OPERATION 

OF THE SEMICIRCULAR CANAL 
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The ear has been associated with the phenomenon of vertigo since the 

days of early Greek medicine, due presumably to the occurrence of vertigo in 

many pathologica 1 conditions of the ear. Around the turn of the nineteenth 

century, according to Camis (1930), a prominent school of throught gl"ew up 

following the work of Autenrieth (1809), who believed that the canals were 

concerned with perception of the direction of sounds. This theory is reported 

by Camis to have motivated Flourens (1824) in his oft-quoted work on 

the effects of labyrinthectomy in pigeons. Goltz (1870) is credited with being 

the first to recognize that the canals were concerned with equilibrium, and 

felt that their prime function was to indicate the position of the head and thus 

aid in rnaintaining head posture. 

ln the 1870's three authors (Mach, 1875; Breuer, 1874; Crum Brown, 

1874) proposed independently that the canals responded to rotational acceleration 

of the head, arguing that endolymph flow would occur due to the inertia of the 

fluid and in some way excite the hair cells. Ail three authors recognized that 

man has no true sense of uniform rota tory motion but on Iy senses variations. 

They suggested that during an angular acceleration, as at the beginning of 

rotation, the endolymph would tend to remain at rest due to its inertia, while 

the sku Il moved around it. With continued rotation however, viscous forces 

would stop the relative movement and the fluid would assume the same velocity 

as the skull. Cessation of rotation would result in a relative movement of the 

fluid in the opposite sense. The slow rate of decay ofsensation which occurs 

during and after a rotation at constant velocity was not explained except by 

Mach who suggested it was due to some neural phenomenon. Breuer (1874) and 

Stefani (1876) constructed physical models of the semi circular canals and we,:e 
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able to demonstrate fluid movements during angular but not linear accelerations. 

Ewald (1887, 1892) appears to have been the first to demonstrate 

actua 1 movements of the endolymph, ach ieved by artificia lIy varying the pressure 

in the canals. This was followed by.,the work of Rossi (1915) who introduced 

lamp black into the horizontal canal of a shark and observed movement of the 

endolymph during angular accelerations. Meier and Lion in 1921 made a more 

detai led study of endolymph tnovements during nature 1 stimulation. They used 

red blood cells as a contrast medium in order to detect fluid flow, and measured 

flow velocities of 1/2-1/20 mm/sec after stopping a prolonged rotation. 

However the fluid motion detected by them was only of short duration, and 

they were unable to explain the long duration of post-rotational nystagmus 

and sensation. 

ln 1922 the physicist Gaede was asked to c larify the situation, and 

presented the first-order differential equation describing to a first approximation 

the flow of a viscous fluid in a closed circular tube. He emphasized that in 

such a system a relative flow of fluid would only occur in response to angular 

acceleration, and that following a step change in the angular velocity of the 

tube, fluid flow wou Id be of very short duration and wou Id fo lIow an exponentia 1 

time course. He calculated that for a water-filled tube of natural dimensions 

the time constant would be 1/24 second. Schma Itz (1925,1931) made a si mi lar 

analysis. The results seemed to agree with the experimental impressions of 

most investigators. 

Very shortly after this the first clear statement of the hydrodynamic 

theory of t~e cana Is as we now know it came From the work of Rohrer and 

Masuda (Rohrer, 1922; Masuda, 1922; Rohrer & Masuda, '1926). Masuda (1922) made a 

careful quantitative study of the duration of ocular nystagmus following 

various forms of rotational stimulation in guinea pigs. These authors felt that 

the observed phenomena were !reflect.ioOi of the mechanical behaviolJr 

of the cupula, which they argued must behave like a heavily damped pendulum, 

the cupula having a weak elastic restoring force and tending therefore to return 
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towards its initial position after deflection by fluid movement. The return would 

be very slow because of the large viscous and small elastic effects. 

This is precisely the current view of semicurcular canal function. 

To put the contribution of Rohrer and Masuda in perspective, however, it is 

neçessary to explain the confusion existing at the time they were writing. 

First, owing to the weil known artifact of histological fixation methods, it was 

believed that the cupula extended only part way across the lumen of the ampulla. 

This, however, was not the ch ief difficu Ity. It had been conceded by many authors 

since the time of Mach that the cupula might have an elastic restoring force 

owing to the structure of the hair processes. However, it was argued (e.g., 

Camis, 1930) that since the cupula had su ch a small mass, the action of even a 

small restoring force wou Id cause it to return very rapidly to its resting position 

following a deflection. Rohrer pointed out that the return movement of the 

cupula would tend to move the endolymph as weil, and this mechanical 

coupling between fluid and cupu la wou Id increase the effective inertia of the 

cupula. The undamped natural frequency ofa simple pendulum is equal to the 

ratio of elastic to inertial forces, and thus for the cupula would be very low. 

Damping due to the viscosity of the endolymph wou Id further reduce the 

frequency of free osci Ilations and with sufficient damping the response would 

become aperiodic. 

Rohrer derived the theoretical expressions relating the duration of 

cupula motion following a stop to the velocity and duration of the preceding 

constant velocity rotation. By adjusting parameters in these expressions he was 

able to fit theoretica 1 curves for both the underdamped and over damped cases 

to his experimental data. The parameter values obtained in this way were for 

the overdamped (aperiodic) case a time constant of 6.2 sec., and fo.r the 

underdamped case a time constant of 12.5 sec., with a frequency of oscillation 

of 0.028 Hertz. 

It will be noted that Rohrer did not assume that the cupula formed a 

water-tight barrier across the ampulla, as was shown subsequently in the work 
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Steinhausen (1927) and Doh'lman (1935). However, this does not affect 

the validity of his conclusions, since he was able to show with a mechanical 

mode 1 that the existence of cupula leak does not significantly affect the 

situation unless fluid flow is so rapid as to cause turbulence, an extremely 

un like Iy event in a system of these dimensions. These observations have 

subsequently been supporta:! by theoretical considerations (Mayne, 1965; 

Spells,1959). 

Steinhausen (1927-39), in a series of papers, described techniques 

for direct visual observation of cupula motion in living animais during natural 

and artificial stiumulation. He showed that the cupula formed a watertight 

flap in the ampu lia and described its slow return to its resting position 

following deflection caused by a brief acceleration. Dohlman (1935, 1941) 

made simi lar observations. The experiments of Ross (1936) and of Lowenstein and 

Sand (19400, 1940b) who recorded the activity in single and multiple fiber 

preparations from the ampu lIary nerves, showed that the neura 1 discharge 

followed approximately the same time course as that expected for the cupula. 

The simple overdamped torsion pendulum model for the semicircular 

canals, as proposed by Rohrer and amplified by Lowenstein and Sand (l940b) 

and van Egmond, Groen and Jongkees (1949) is sti Il the one genera Ily 

accepted today. There have been occasiona 1 suggestions that the system is 

underdamped rather than overdamped, usually in anattempt to explain the 

phenomenon of secondary post-rotationa 1 nystagmus, though it seems more 

likely that this phenomenon is neural in origin. More recently there have 

been some more detailed studies of the hydrodynamics of the canals, and more 

precise models are being developed. Finally there have been suggestions that 

the endolymph may not behave as a fluid under normal conditions, but rather 

as a colloida 1 ge 1 with rather anama lous viscous properties. These matters 

wi Il be considered be low. 
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3.2 IMPLICATIONS OF THE DAMPED PENDUlUM MODEl 

The work of Rohrer and Masuda, and of Steinhausen, showed that 

the dynamic response of the cu pu la, i .e ., the time course of cupu la movement 

in response to head rotation, could be likened to that of an overdamped torsion 

pendulum, such as for instance an inert,ia 1 disc suspended in a viscous medium 

by a wire having rotationa 1 e lasticity. The behaviour of such a system is we Il 

known. Thus if the head were very sudden Iy to start rotating with constant 

angular velocity, the cupula would be expected to deflect rapidly (relative to 

the head) and then return slowly to its resting position. Mathematically this 

response is described as the difference between two decaying exponentia 15 

having respectively a short and a long time constant. In a heavi Iy overdamped 

system the short time constant is to a close approximation equal to the ratio of 

the moment of inertia to the coefficient of viscous retardation, while the long 

time constant is to a similar approximation equal to the ratio of the coefficient 

of viscous retardation to the elastic coefficient. Peak cupula deflection 

following such a "step change" in head angular velocity would be proportional 

to the velocity of head movement, the ratio of peak cupula deflection to head 

velocity (the sensitivity or Ugain") being proportional to the short time constant. 

The widely used "turning test Il or "stopping stimu lus" (van Egmond & 

Groen, 1955), is based on the fact that, according to the torsion pendu lum 

model, if the head is rotated at constant velocity for a long time so that the 

cu pu la returns to its resting position, then when the turntable is sudden Iy 

stopped the cupula will swin~ out in the opposite direction following the same 

time course as that described above. Idea Ily l' in order to obtain the simple 

two-exponentia 1 time course of response, the onset and offset of rotation 

should be instantaneous, although in practice such an ideal stimulus is very 

difficult to approximate. However, the time course of the slow decay of 

the cupula to zero is affected relatively little by the acceleration profile 

used to attain a given constant velocity, 50 that the turning test is quite 

adequte for determining the long time constant • 

. It is misleading however to think of canal function exclusively in 

terms of the response to a turning test, which in fact tends to overemphasize 
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errors in the cupula response. Normal head movements tend to consist of 

short unidirectional displacements, in which the profile of head velocity may 

be approximated by short pulses. In such circumstances the cupular e lasticity 

does not have time to produce appreciable response decay, and the resulting 

canal signal gives a good running indication of head angular velocity, a fact 

which has been pointed out by a number of authors (Mowrer, 1932; van Egmond 

, et al., 1949; Mayne , 1950;Jones & Milsum, 1965). 

Mayne (1950, 1965b)and Jones and Milsum (l965) have emphasized 

that in normal circumstances the canal seems to function primarily as an angular 

velocity transducer. Subjective sensations experienced during rotation point 

to th is conc lusion, and strong support comes From the steady state response of 

the canals to sinusoidal oscillation at various frequencies. The frequency 

response plots, consisting of graphs of the phase shift and amplitude of 

cupula movement ("gain") relative to the input variable may be obtained 

directly, or by inference from other data (see be low). Wh en gain and phase 

are measured relative to the angular velocity of head motion in man it is 

found that in the range of frequenci es From about 0.1 to 5.0 cyc les per second 

(Jones & Mi Isum, 1965), the gain is a Imost constant and the phase shift a Imost 

zero (Fig .3-2). Since most physiologica 11/ occurring head movements 

probably contain frequency components Iying almost exclusively within this range, 

it would seem that in natural life the canal nearly always operates as a velocity 

transducer. 

There is rather striking evidence that velocity transduction by the 

cana Is may have considerable sign ificance in natura 1 se lection. It appears that 

the physical dimensions of thesemicircular canals in different animais have been 

nicely adapted so that the frequency range for velocity transduction corresponds 

to the frequency range of head movement expected From consideration of head 

size and living habits (Jones & Spells, 1963; Mayne,1965b; Jones, 1969). 

3.3 

3.3.1 

PHYS ICS OF THE SEMIC IRCULAR CANAL 

Physical Basis of the Torsion Pendulum Model 

Theoretical analysis of semicircular canal function from the point of 
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view of its physica 1 structure has been attempted many times in varying detai 1 

(Mach, 1875; Gaede, 1922; Rohrer, 1922; Schmaltz, 1925; Rohrer & Masuda, 

1926; Steinhausen, 1927; Lowenstein & Sand, 1940b; van Egmond, Groen & 

Jongkees, 1949; Groen, Lowenstein & Vendrick, 1952; Spells, 1959; Groen, 

1956; Mayne, 19650; Newman, 1966; Steer, 1967). There is little to be 

gained by going into a complete derivation of the relevant equations. It wi Il 

be usefu 1 however to consider briefly sorne of the factors which must be taken 

into account. 

Fluid inside a closed circular tube is free to move relative to the 

tube under the influence of inertia 1 forces, and such motion is opposed by 

viscous resistance. In the semicircular cana l, fluid flow is a Iso opposed by the 

movable cupula which appears to form a watertight flap in the ampullary region. 

The cupula may be assumed to contribute elastic and presumably viscous resis­

tance, as we 11 as the effect of its own sma Il inertia. Motion of the endolymph 

can thus be likened as a first approximation to that of a mass whose motion is 

constrained by a damped spring. The motion of such a mass relative to its 

suspension is described bya second order differential equation whose solutions 

are we Il known. 

After making certain assumptions whose va lidify wi Il be examined 

briefly below, a similar equation may be derived for the semicirc.ular canals, 

describing cupula motion as a function of head motion. Consider the idealized 

canal shown in Fig. 3-1. The canal is assumed to be circular and of uniform 

cross section, and fi lied with a perfect fluid whose flow is laminar. Assuming 

that vis~ous and el astic retarding forces are proportional respectively to angular 

velocity and angular displacement of the fluid relative to the canal, and 

lumping ail inertial components into a single term, we obtain as an expression 

of Newton'5 second law of motion, 

where 

d 
= -b- (QF - QH) - k (QF - QH) •••••••••••••• Eq. 3.1 

dt 

QF = angular displacement of fluid relative to space, 

QH = angular displacement of head relative to space, 



Fig. 3-1 
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TO C.N.S. 

DIAGRAMATIC REPRESENTATION OF AN IDEALIZED SEMICIRCULAR 

CANAL (modified From Jones and Milsum, 1969) 
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J = moment of inertia of the fluid ring, 

b = moment of viscous retardation per unit relative angular velocity of 

the fluid, 

k = moment of elastic retardation per unit relative angular displacement 

of the fluid. 

Rearranging, using the dot notation for differentiation, yields .. . . .. 
J (9

F
- 9

H
). + b (9

F
- 9

H
) + k (9

F
- 9

H
) = -J9

H 
•••••.•••••••• Eq.3.2 

Assuming that cupula deflection, 9
C

' is proportional to relative fluid movement, 

9
C 

= -0 (9F- 9
H

) •••••••••••••••••••••••••••••••••.••.•• Eq. 3.3 

and hence .. .. 

It is informative to consider the assumptions and approximations 

implicit in this expression. 

(i) Viscous Forces and laminar Flow. The cross section of the semi­

circular canal is very small relative to its circumferential length, and hence 

viscous forces are large relative to inertial forces (i.e. the Reynold's number 

is very small). This is true even though the fluid is not very viscous, having 

probably a vi~cosity on Iy two or three times that of water (Rossi, 1914; Money 

et al., 1966; Miery & Young, 1966). Fluid velocity is never great either 

(Steinhausen 1 1927; Doh Iman 1 1935), and hence flow may be expected to be 

laminar at a Il times. When the fluid moves with constant ve locity the flow 

will be parabolic; during accelerating fluid motion non-parObolic flow­

profiles will occur and the effective viscous coefficient(b) will vary with time. 

Theoretical studies of this latter point have reached conflicting 

conclusions. Newman (1966) suggests that changes in the velocity profi le 

during accelerating fluid flow may cause significant departure from the liimple 

model especiQlly during certain forms of stimulation. Steer (1967) however has 

a Iso studied the contribution of viscous drag of the cu pu la over the ampu IIary 

surface and feelsthat this term, which may not be time dependent, may dominate 

over viscous drag effects in the fluid itself. 

(ii) Effect of the Utricle. This large region of increased and non -
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uniform cross-sectional area in the closed fluid loop has a nurrber of effects 

which have not a Iways been assessed correctly. It is clear that because of the 

greater cross section, viscous retarding forces in this region wi Il be negligible, 

a fact recognized by van Egmond et al. (1949). Thus in computing the viscous 

coefficient only the circumferentiallengthof the narrow portion of the tube 

need be considered. In addition, Mayne (19650) and Newman (1966) have 

pointed out that the utricular region makes no significant contribution to the 

effective moment of inertia of the ring, owing to the much reduced ve locity 

in this region. The extra-utricular circumference is thus the important length 

parameterin calculating both J and b in Eq. 4.1. This length is usually taken 

as one-ha If or two-thirds of the circumference, though in some cases, as in 

the anterior canal of the pigeon, this may be an underestimate. 

(Hi) Non-uniform Shape of the Canal. The narrow portion of the 

semicircular canal does not form a uniform circular arc, nor does it always 

lie in one plane. These factors, as discussed by Groen (1956), affect the 

evaluation of b and J, and also the directional specificity of the canal. It 

is easy to show that, provided the non-uniformity does not significantly affect 

the laminar flow pattern, there will be, for the non-uniform canal, a single 

axis, rotation around which produces maximum fluid flow, and that the non­

uniform canal will behave as a circular canal Iying in the same plane. 

(iv) Assumptions About the Cupule. There can be little doubt that 

the cupu la exerts a restoring force when displaced from its rest position. Its 

structure supports' this view, and there is direct evidence for it from micro­

scopic observations of the cupula in motion ·(Steinhausen, 1927; Dohlman, 

1935). It is usua Ily assumed that the cupular restoring force is proportional 

to its displacement, and that the angle of cupula displacement is proportional 

to the angular deflection of fluid within the membranous canal. The validity of 

each assumption depends on the actual magnitude of cu pu la movement. From 

the observations of Dohlman (1935) in fish, it would appear that the angular 

excursion of the cupu la was about equa 1 to the angu lar excursion of endo Iymph 
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within the tubular portion of the membranous canal. Van Egmond et al. (1949) 

state this as a general rule, and Jones and Spells (1963) came to the same 

conclusion from calculations based on measurements of preserved specimens and 

the stereo photographs of Gray (1907). The actua 1 excursion of fluid within 

the canal during rotational stimulation is not completely clear from the early 

direct observations. Steinhausen (1933) stated that the excursi on was sma Il, 

and Maier and Lion (1921) observed excursions of lia few degrees" at most. 

The peak fluid excursion following for example a step change in head angular 

velocity can be calculated from the torsion pendulum model (see below) if 

the va lue of the ratio J/b is known. Using the va lue ca Icu lated by Mayne (19650) 

for man, the angu lar excursion of the flu id, and presumab Iy of the cupu la, 

wou Id appear to be about one degree for a 2000 /sec. ve locity step. The 

assumptions stated at the beginning of this paragraph may therefore be 

accepted without great reservations. 

It should be mentioned finally that some recent studies have raised 

serious doubts about the physical basis of the classical model described above. 

Dohlman (1968) has suggested that the endolymph, though fluid in vitro, may 

exist in the membranous canal as a colloidal gel due to the presence of small 

amounts of mucopolysaccharides. If this is true, the physical model would have 

to be revised to account for the behaviour of a mesh-like ring of long, inter­

laced mucopolysaccharide molecules slidil1g around within the membranous 

cana 1. It is not clear that the behaviour of such a system would be compatible 

with the observed results. 

3.3.2 Estimation of Cana 1 Parameters from Physica 1 Dimensions and 

Properties. 

The effective moment of inertia of the endolymph (J), and the 

coefficient of velocity-dependent retarding torque (b), were calculated for 

an idealized canal by Gaede (1922), Schrnaltz (1925) and van Egmond et al. 

(1949), assuming laminar parabolic flow. The equations abtained were 

2 2 
J = TTPIJ r R , 



where 

r = internai radius of the endolymphatic canal, 

R = mean radius of curvature of the cana l, 

TI = viscosity of the endolymph, 

p = density of the endolymph, 

28. 

IJ = effective length of the cana 1 circumference contributing to 

the inertia 1 term 1 

lb = effective length of the canal circumference contributing to 

the viscous damping term. 

The coefficient of position dependent retarding torque (k), and the 

gain coefficient (a), were calculated by Jones and Spells (1963) to be 

where 

2 
k = ,,'1\' r R, 

22 iAI 
a=1frR/v, 

lA = pressure exerted by the cupula per unit angular deflection of 

the endolymph, 

V = volume of the ampulla. 

The va lue of a, as discussed above, is probably about one according 

to the data of Jones and Spells (1963), and this agrees roughly with the 

estimates of other authors. 

The long time constant is shown in the next section to have a va lue 

very nearly equal to the ratio b/k. The formula for the spring term (k) contains 

the coefficient of cupula stiffness (lA) which has never been measured. However 

from the data of Jones and Spells (1963) it may be inferred that whi le individual 

,interspecies differences exist 1 the overa Il variations in cupu la stiffness among 

different species is not great. Thus one can obtain an estimate, albeit very 

approximate, of the long time constant in a new species by comparison with 

species for which the va lue is known. Alternatively considerations based on 

animal size and configuration could be used for comparative estimates, as 

suggested by Mayne (I965b). 

More re Hable estimates may be obtained for the short time constant 

which is approximately equal to the ~atio Jjb, that is the ratio of inertial 

, 
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to viscous terms. Since both terms involve measurable quantities, it is theor­

etically possible to obtain an estimate of this time constant for any single 

semicircular canal. There have been differences of opinion over what values 

shou Id be used for the effective length terms, IJ and lb' van Egmond et al. 

(1949) and Mayne (19650) coming to slightly different conclusions that Gaede 

(1922) and Schmaltz (1925), but the difference is only a factor of two. Spells 

(1959) and Newman (1966) in derivations arising from more basic considerations, 

reached approximately the same conclusions as van Egmond et a 1. and Mayne. 

As mentioned earlier, however, there have been recent studies which throw 

some doubt on the validity of the simply hydrodynamic model of the canal. 

Thus Newman (1966) emphasizes the possible significance of changes in the 

velocity profi le of the fluid during acceleration, Steer (1967) raises the question 

of viscous drag between the apposed sufaces of the cupu la and ampu lia, and 

the experimental observations of Dohlman (1968) suggest that the endolymph 

may not be a simple near-Newtonian fluid but rather a colloidal gel. 

ln spite of these objections, one can argue against discarding the 

conclusions of the simple model, especially as they relate to estimation of 

the short time constant. First, the rather striking observations of Jones and 

Spe Ils (1963) and Mayne (1965bhre based on these simple equations. Their 

analyses show a systematic tendency for the dimensions of the semicircular canals 

in a wide range of animal species to be adjusted to produce dynamic character­

istics appropriate to the size (JQnes& Spells) and configuration (Mayne) of the 

animaIs. Secondly, in the single experimental study in which records have 

been made of peripheral vestibular neural response during rotational stimulation 

of sufficient variety to permit a reasonably accurate estimation of the short 

time constant, the va lue so obtained was remarkably close to that obtained 

by calculation from the relevant physical dimensions. It was perhaps a 

fortunate coincidence that these experiments ., described by Groen, Lowenstein 

and Vendrick in 1952, were performed on the ray, which in common with other 

fish has rather large canals (Jones &Spells, 1963) so that their short time constant 

is expected to be somewhat longer than that of other species, and hence easier 
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to measure. However it may sti Il be argued that the data of these authors 

do es not include measurements at frequencies high enough to ensure a good 

estimate of the short tirne constant. 

ln the case of man, the short time constant obtaine"d by ca leu lation 

From physical dimensions of the canal is considerably shorter than that of the 

ray, and the same appears to be true for most other mammals. Taking the 

value of the ratio of viscosity to density of the endolymph ('1/p)to be 0.01 

cm'lsec {based on the determinations of Money et al. (1 966} and Miery and 

Young (1966), and using canal dimensions described by Jones and Spells 

(1963), one obtains for man a value of 0.005 sec. for the short time constant. 

This must however be regarded as a low estimate, since the specimens used 

by Jones and Spells were fixed in formalin, which may be expected to have 

causEd sorne shrinkage. 

3.4 

3.4.1 

SEMIC IRCULAR CANAL DYNAMICS: PARAMETER ESTIMATION 

FROM INPUT-OUTPUT RELATIONS 

The Cana 1 Transfer Function. 

The differentia 1 equation genera Ily accepted as giving a good 

description of semicircular canal response was given above and is rewritten 

here for convenience • . 
JQC + bQC + kQc = a JQH ............................ Eq. 3.4 

Taking the Laplace transform with ail initial conditions equal to zero, and 

rearranging, we obtain the transfer functi~n relating cupular deflection to 

head angular acceleration, 

J a 
= 

2 
(Js + bs + k) 

.........•......... .. Eq. 3.5 __ 

It appears from the observations of Steinhausen (1927), and from 

ca'icu lations by many authors based on the physica 1 dimensions of the system, 

that cupularmotion is very heavily damped, probably more than 10 times 

critically damped. This apparently is largely due to the very low Reynold's 

number of the system and the presumably small value ~f the sp~ing coefficient 
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k. The system therefore will not show spontaneous oscillations or ringing, 

and the denominator in Eq. 3.5 will have the real roots, 

-b + (b
2 

- 4 Jk)I/2 

2J 

Since b is very large relative to J and k, we can use the first two terms of the 

binomial expansion to obtain, with very small error, the approximation 

(b 
2 

- 4J k) 1/2 ~ b - 2J k/b 

and hence, 

sI ~ -k/b 

s2 ~ -b/J 

Setting .T
I 

= -I/si ~ b/k, and T 2 = -l/s2 ~ J/b, Eq. 3.5 can be rewritten 

in the time constant form 

= aT1 T2 .•••••••••••....•. Eq. 3.6 

which has a number of conceptual advantages in discussing system response. 

Eq. 3.6 has equiva lent counterparts relatin9cupula position to head velocity 

and to head position respective Iy / i.e., 

9
C

(s) 
= aTIT 2s ............... . Eq. 3.7 

9
H

(s) (Tls + 1) (T 2s + 1) 

9
C 

(s) 
aTIT 2s 

2 = ................ Eq.3.8 
9

H
(s) 

(Tls + 1) ( T 2s + 1) 

It wi Il be seen From this and subsequent sections that, assuming the 

canal does indeed behave in the manner defined by Eq. 3.4, the response 

to any input waveform can be predicted in detail provided a few response para­

meters are known. Eqs. 3.6 - 3.8 contain only the three parameters a, 
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T l' and T 2' and these three are sufficient for th is purpose. The constant a 

is called a "gain" or scaling parameter, since it affects only the magnitude 

of the response. The precise form or time course of the response to a given 

input is independent of a, and is completely defined by the "dynamic response 

parameters" TI and T 2' or equiva lent parameters such as the na tu ra 1 frequency 

and the damping ratio. These may in principle be determined either by 

calculation From the physical parameters J, band k, or From a study of input­

output relations. 

A point of particular interest emerges here, namely that From the 

point of view of the investigator interested in neuromuscular reflex systems, 

one of the great advantcges of canal-based systems lies in the confidence which 

may be placed in the computed time course of sensory endorgan response. 

3.4.2 Frequency Response. 

The frequency response representation is a usefu 1 means of summar­

izing the dynamic characteristics of a given system. In theory any waveform 

which might oct as input to the system of interest, may be expressed as an 

infinite sum of sinusoids of different frequencies, 50 that each waveform may 

be regarded as having a distinctive "frequency content". The steady-state 

response of a 1 inear system to a sinusoida 1 input is a sinusoi d of the same 

frequency but having in genera 1 a different amplitude and phase than the input 

sinusoid. The frequency response or Bode plots are graphs of gain (input-output 

amplitude ratio) and phase shift, as functions of frequency. These plots are 

particu larly usefu 1 in the present case, as they emphasize the norma 1 function 

of the semicircular canal. The assertion, made earlier in this chapter, that 

the semicircular canal acts as a velocity transducer in a given frequency band, 

is considerably clarified using this method. In addition the experimentally 

measured frequency response may be used to estimate the important dynamic 

response parameters of the cana Is • 

ln Fig. 3 - 2, which is adapted From Belanger and Mayne (1965), the 

frequency response of the semicircular cana 15 is plotted in three different ways. 
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Fig .. 3 - 2 FREQUENCY RESPONSE OF THE SEMICIRCULAR CANALS 

(after Belanger & Mayne, 1965) Amplitude Ratio (AR) and Phase Shift relating 

Cupula Position to Head Acceleration (A), Head Velocity (B), Head Position (C) 

Canal parameters: a = 1.0; Tl = 10.0 sec.; T
2 

= 0.005 sec. 



33. 

Curves A for gain and for phase correspond to Eq. 3.6 relating cupula position 

to head acceleration, that is with head acce leration taken as the input variable. 

Curves B correspond to Eq. 3.7,with velocity as input, and curves C correspond 

to Eq. 3.8, with position as input. Ail curves are drawn for the time constants 

TI = 10 sec., T 2 = 1/200 sec., as suggested by Mayne (19650). The constant a 

of Eq. 3.3 is taken as unit y for convenience. In each case there is a frequency 

band within which the gain remains almost constant and the phase shift relative 

to the respective input variable is a Imost zero. The semicircu lar cana 1 can 

thus be reg.::Jrded as an angular accelerometer at very low frequencies, as an 

angular velocity transducer at intermediate frequencies, and as an angular 

position transducer ot very high frequencies. Notice that the gains in these 

three modes are very different, and that the differences are related to the time 

constants. 

The curves relating gain or amplitude ratio to frequency mey be 

characterized by three straight-line asymptotes when plotted on dual logarithmic 

axes as in Fig. 3-2, where the asymptotes are indicated by dotted lines. The 

upper .and lower "break frequencies" are found at the intersections of the 

respective asymptotes and are related to the system time constants. Thus the 

lower break frequency, expressed in radians per second,is found to be 

and the upper break frequency is 

l 
(.,)2 = 'T

2 

ln the velocity mode (Fig. 3-2, curves B), the gain at the break 

frequencies is attenuated by a factor of 0.707 compared to the asymptotic 

value of the gain at the centre of the velocity transducing range. There is 

a corresponding phase shift of plus and minus 45
0 

at the lower and upper break 

frequencies respectively. Thus with break frequencies of 0.10 and 200 radians 

per second, the frequency range for accurate velocity transduction is somewhat 

smaller than this, extending From say 0.5 to 50 radians per second or approximately' 



34. 

0.08 to 8.0 cycles per second. 

With this view of the semicircular cana 1 as a velocity transducer 

we shall henceforth take Eq.3.7 as the transfer function of the semicircular 

canal. For this case the relationships between gain and phase respectively 

and the frequency of sinusoidal rotation are as follows. The gain or amplitude 

ratio (AR) is given as 

where 

G(s) = 9c(s) 

QH(S) 

= 

and 

tP = tan -1 [lm {G(sH] 
Re t G(s)} s = j(,) 
-1 -1 

1T - tan wT 1 - tan wT 2· 
2" 

= ............... . Eq. 3. 10 

(Re tG(s)} and lm t G(s}} are respectively the real and imaginary parts of 

the complex function G(s), and 1 G(s)1 is its absolute va lue) 

The asyrnptotic value for the gain in the frequency range of accurate velocity 

transducti on is 
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Experimenta Ily determined frequency response plots can be used to 

estimate dynamic response parametersin a number of ways. The estimates so 

obtained are of course not independent in an idea 1 linear system. In practice, 

however, the severa 1 estimates are usefu 1 if avai lable since their 'degree of con­

sistency gives some indication of the linearity of the real system. 

Two methods are particularly weil suited in the present case for 

estirnating res?onse parameters from the gain-frequency relationships. The three 

asymptotes may be drawn by eye if the data avai lable coyer a sufficient frequency 

range, and the time constants calculated from the break frequencies so estimated. 

Alternatively, as hasbeensuggested by Jones & ~Ailsum (1969b), the asymptotic 

gains in acceleration mode, velocity mode and position mode may be estimated and 

the time constants obta ined by appropriate ca Icu lations from these va lues. Knowing 

the time constants, the constant a could in princip le be calculated from any of 

the ga in va lues if the re lationsh ip between observed output and cupu la position 

were precise Iy known. More accurate estima tes of parameters from ga in-frequency 

relationships in general require detailed curve-fitting inethods. 

Phase-frequency relationships can yield estimates of ail dynamic 

parameters (time constants) but not of the constant a or other scaling factors. The 

points of 45
0 

phase shift (in the velocity mode) give crude estimates of the break 

frequencies, and the point of zero phase shift, difficult to estimate if the time 

constants are widely separated, yields an estimate of the undamped natural frequency, 

defined by the expression 

Co) 
o 

2 k 
=T 

Again the best estimates require curve-fitting methods takirg a Il avai lable phase 

data into account, but asymptotic fitting, as suggested by Groen (l956),can give 

satisfactory results. The latter is simpler, requiring only that the tangent of 

the phase angle be plotted first as a functi on of the period of oscillation and then 

as a function of the frequency. Since the tangent of the phase angle is directly 

proportional to the time diffel"ence upon which any phase measurement is based, this 
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method results in a considerable reduction of time spent looking up tables of tangents. 

The method derives from the fact that for the second-order equation relating cupula 

deflection to head velocity, the phase shift (q,) may be defined 

2 2 J 
tan fi, = (w - w ). r-

o DW 

where w is the undamped natural frequency, defined above. Hence for high 
o 

frequencies, w »w , 
o 

tan fi, :::: 

and for low frequencies, Col «Col , 
o 

tan ~ ~ 

3.4.3 Transient Responses. 

- wT 2 

Subjective and reflex responses to transient forms of stimulation of 

the semicircular canals have been widely used in the investigation of vestibular 

function because of the relative simplicity of this method. Step changes in head 

angular velocity and acceleration have most commonly been used for this purpose;' 

sudden changes in head position are a Iso of interest but have been considered 

main Iy as they occur in voluntary head movements. 

The theoretica 1 responses of the second order model of the cana 1 to 

unit positive step changes in the angular acceleration, velocity and position of the 

head are listed in Table 3-1 and illustrated in Fig. 3-3. The figure illustrates 

responses of an analog computer model of the c~mal, having the time constants 

Tl = 10 sec. and T 2 = 1.0 sec. The short time constant, T 2' has been 

made rather large for the purpose of illustration, since when it is made much sma 11er 

its contribution is very difficult to detect on the scale of this figure, and the 

ordinate sca les have been adjusted for convenience in plotting. The more rea listic 

case with the short time constant being of the order of 0.005 sec. can readi Iy be 

imagined, bearing in mind that the cana 1 response in each case may be regarded as 

the sum of two exponentia 1 terms. 

The initial value of the position step response (liposition gain ll
), the peak 
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SCAlED RESPONSES OF THE CANAL MODEl TO UNIT 

STEP CHANGES 1 N HEAD POSITIO N, HEAD VE lOCITY 

AND HEAD ACCELERATION 

Cana' mode' parameters: Tl = 10 sec. 1 T 2 = 1 .0 sec. 1 a = 1 .0 

NOTE: the acce leration step res.ponse is reduced in magnitude 
by a factor of ten in the figure. 
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SCALED RESPONSES OF THE CANAL MODEl TO UNIT 

STEP CHANGES IN HEAD POSITION, HEAD VELOCITY 

AND HEAD ACCELERATION 

Canal model parameters: Tl = la sec., T
2 

= 1.0 sec., a = 1.0 

NOTE: the acce leration step res.ponse is reduced in magnitude 
by a factor of ten in the figure. 
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value of the velocity step response ("velocity gain ") , and the final value of 

the acceleration step response ("acce leration gain ") are related in the proportion 

1 : J!b : J/k approxima te Iy. For the time constants ( 10 sec. and 1 ~O sec) used 

in Fig. 3.3., these proportions are 1 : 1 : 10 and the approximation is poor as 

the figure shows. With a more realistic va lue feir T ?,say 0.005 sec.,the proportions ... 
become 1: 0.005: 0.05and the error in the approximation is small. 

Transient response testing has been the basis for most estimates of 

semicircular canal time constants, the response to a step change in head angular 

velocity (the classical "stopping stimulus") having been most extensively used. 

The transient responses each consist of two exponential terms, so that the tine 

constants Tl and T 2 and the gain " may in princip le be obtained by the weil 

known method of graphical decomposition, or by other curve-fitting methods. 

Because the time constants are separated by at least one order of magnitude, the 

long time constant T 2 is readily obtained, but the contribution of the short. t;me 

constant is difficult to isolate withadeq",ateresolution. On the one hand it is 

difficult to provide a transient stimulus sufficiently abrupt that it can be assumed 

to change instantaneously as in the idea 1 case 1 and on the other hand with velocity 

ramp and velocity step inputs the contribution of the short time constant term is 

50 small that amplitude resolution is a problem. This could be alleviated somewhat 

by using stepwise or impulsive changes in head position, since these inputs have 

the effect of emphasizing the contribution of the short time constant term in the 

response. However because of physical limitations these forms of input are much 

more difficult to apply to the cana Is, and as a result transient response testing 

has been used main Iy to estimate the long time constant. It is probably desirable 

to use frequency response testing for estimation of the short time constant, since for 

mechanical reasons it is easier to produce high frequency oscillation of the head 

than an accurate step change in head ve locity or position. 

Because of the nature of sorne variables used as indices of cupula 

motion, a number of investigators have estimated the long time constant by methods 

involving measurement of the elapsed time between the application of a transient 

stimulus and the point when the response reaches a certain magnitude. The classical 

method of cupulometry as initiated by the Utrecht school (van Egmond et al., 1948) 
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is such a method, using the velocity step as input and the point when sensation or 

nystagmus dies away as the end-point. Hallpike and Hood (19530) refined this 

method somewhat by using a more precisely defined endpoint based on the oculo­

gyral illusion. A similar method using a velocity ramp as input and the time of first 

detectable response as endpoint was suggested by tv\ayne (1950) émd has been used in . 

modified form by Guedry and Richmond (1957), Meiry (1965) and others. 
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CHAPTER 4 

NEURAL PROCESSING IN VESTIBULAR SENSORY AND REFLEX PATHWAYS 

4.1 ANATOMICAL CONSIDERATIONS 

The possibility of neural processing of the semicircular canal signal 

was brlefly touched upon in Chapter 2 in connection with the mechanisms of 

mechano-neural transduction and the question of efferent connections to the 

sensory epithelium. The actual nature of such neural processing is the the me 

of the present chapter, which is largely in the form of a running commentary 

on the principal experimental findings which are relevant. 

1 nferences about the nature of neura 1 processi ng may be made on the 

basis of two groups of experimental findings, namely (a) observations of neural 

activity within the vestibular sensory system,and (b) observations based on reflex 

and subjective sensory responses to vestibular stimulation. The discussion is 

divided along approximately the same lines. There is overlap of course, particularly 

in the case of "adaptation" phenomena. In this particular case there are very 

pertinent neurophysiological observations in the periphery, so the question of 

adaptation is considered with other neurophysiological data, leaving the rather 

distinctive Il habituation" phenomena to a separate section. The final section of 

this chapter discusses the implications which emerge relevant to the dynamic 

response of reflex systems based on the semicircular canal signal and to the evalu­

ation of canal parameters from observations at different points in these systems. 

The considerations of this chapter point to the need for quantitative 

theoretical studies of vestibular reflex systems and form the basis for the discussion 

of original theoretical studies in the vestibulo-ocular system presented in Chapters 

5 and 6. However, before proceeding to discuss neurophysiological features of the 

system, it is necessary to discuss briefly the relevant anatomical connections. 

The vestibular portion of the eighth cranial nerve is composed of primary 

afferent neurones, originating in vestibular end organs, ,most of which terminate in 

the vestibular nuclear complex. In addition to the main afferent bundles, there is . 
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a relatively small efferent innervation of the end organ,(Chapter 2). Aiso 

Gernandt (1949) has raised the question of secondary vestibular neurones 

with cell bodies a long the course of the nerve, which would mean that sorne 

secondary fibers exist in the proxima 1 portions of the nerve trunk. 

The anatomy and connections of the vestibularnuclei have been the 

subject of a comprehensive monograph by Brodai, Pompeiano and Walberg 

, (1962) and this,together with sorne more recent publications,forms the basis of 

the present discussion. The nuclear complex is divided into four main groups 

by these authors, the superior, lateral, medial and descending vestibular 

nuclei. There are in addition sorne smaller groups of cells which are of lesser 

importance in a brief description • The precise location, anatomy and cyto­

architecture of the vestibular nuclei is considered by Brodai et al., but not in 

the present discussion,which is largely confined to the connections. 

Primary afferent vestibular neurones are distributed to ail four major 

nuclei, although none of these nuclei receive primary afferents in ail regions 

(Broda 1 et al., 1962). The distribution among vestibu lar nuc lei of fibers from 

specific labyrinthine receptors was studied by Lorente de No (1933),who found 

afferents from the semicircular canals reaching superior, medial and descending 

(or "inferior") vestibular nuclei, while macular afferents were distribufed to 

lateral and descending vestibular nuclei. Another group of primary vestibular 

afferent fibers, wh ose origin was not ascertained by Lorente de No (1933a) and 

may have been mixed, entered the lateral vestibular nucleus. Other primary 

afferent fibers from the vestibular sensory epithelium are distributed homolaterally 

to the phylogenetically older vestibular portion of the cerebellum (Brodai et al., 

1962). These fi bers reach the fastigial nucleus and also enter the flocculus and 

nodulus. Termination of these fibers in synaptic contact with Purkinje cells has 

been demonstrated in the frog by Llinas, Precht and Kitai (1967). The possibility 

of primary afferent fibers descending directly into the spinal cord without synapsing 

in the vestibular nuclei is a moot point, discussed further in a later chapter in 

connection with the vestibular control of head movement~. 
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The vestibular nuclei have extensive reciprocal connections with the 

cerebellum, in addition to the reciprocal connections between cerebellum and 

vestibular sensory epithelia mentioned above. Fibers from medial and descending 

vestibular nuclei extend to flocculus, nodulus and uvula, and to the fastigial 

nuc lei. There is a complex projection, from both cerebe lIar cortex and fastigia 1 

nuclei, which is distributed to ail the major vestibular nuclear groups. Many 

detai Is of these projections have been worked out by Brodai and his collaborators, 

and are discussed in the monograph mentioned abo,ve. 

The precise nature and termination of ascending projections from the 

vestibu lar nuc lei is not comp lete Iy known. Broda 1 et al. (1962) after reviewi ng 

the literature conclude that,the m,!!o(ity of ascending fibers, which originate 

from ail four vestibular nuclei, travel in the medial longitudinal fasiculus. Both 

crossed and uncrossed ascending fibers occur, and they are distributed to oculo­

motor nuclei and to the upper mesencephafon, in particular to the interstitial 

nucleus of Cajal. There is less conclusive evidence for other sites of termination 

of ascending fibers, though there appear to be sorne fibers terminating in the 

thalamus (Carpenter & Strominger, 1965). Cortical evoked responses have been 

recorded fo'lIowing vestibular stimulation (e.g., Andersson & Gernandt, 1945) 

but the vestibu Io-cortica 1 pathway is unknown. 

Connections from vestibular to oculomotor riuclei have been extensively 

investigated particularly in connection with horizontal conjugate eye movements. 

The work of Lorente de No (1933b) and Szentagothai (1950) outlined the details of 

the basic three-neurone vestibulo-ocular reflex arc, involving crossed and uncrossed 

fibers in the medial longitudinal fasciculus. Their work however leaves Iittle doubt 

that other less direct vestibulo-oculo-motor connections exist, which are essential 

for the normal operation of this system. The question of neural connections involved 

in nystagmus is very confusing despite a great deal of investigation. The difficulty 

is to be expected since nystagmus may result from several forms of vestibular stimu­

lation involving linear and angular receptors, as weil as from visual stimuli as in 

optokinetic nystagmus and visual tracking. The subject is discussed by Brodai et al. 
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(1962) and has recently been reviewed briefly by Monnier (1967). 

Descending connections to the vestibular nuclei have not been 

very extensively investigated. Pompeiano and Walberg (1957) found that 

most fibers descending from higher levels in the medial longitudinal fasciculus 

originated in the interstitia 1 nucleus of Cajal, but the connections to this 

nuc leus are not we Il known. Broda 1 et al. (1962) are of the op i ni on that m05t 

descending influences on vestibular nuclei are~e~erted by other routes invol­

ving the reticular formation to a large extent. Vestibulo-spinal and spi'no­

vestibular connections have received increased attention recently, but since 

these are not of great importance for the present chapter, their description wi Il 

be left to a later section where t~ey wi Il be considered in relation to the vesti­

bu lar control of head movement. . 

There is of course a ,gre,at deal of further anatomical information, 

particularly in the work of ~rodal and Pompeiano and their colleagues, from 
. 

which one may infer possible locations for certain types of neural processing 

which are expected to occur. However at present little con be inferred about 

the nature of the processing from such anatomic studies. 

4.2 

4.2.1 

NEURAL MODIFICATION OF THE SEMICIRCULAR CANAL SIGNAL 

1 ntroducti on 

As outlined above, the object of this section is to examine the existing 

experimental observations of activity in the vestibular neural pathway with a view 

to determining, in so fcr as possible, the nature and location of changes which 

may occur in the rotational signal as it proceeds from the peripheral endorgan 

(the semicircular canal) to the central nervous system. 

It is difficult to decide how far in an anatomical sense it would be 

desirable to follow this rotational signal if it were possible to do so. There is 

reason to believe that the subjectively sensed rotation signal is significantly , 

different from the signal which is involved in various reflex manifestations of vesti­

bular stimulation. Thus it may be reasonable to distinguish for conceptual purposes 
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a subjective rotation signal from a brain stem rotation signal. In practice 

the latter m ight be very hard to defi ne uni que Iy, but there are a number of 

phenomena, which may be interpreted as due to dynamic neural processing, 

and which are seen in very simi lar form in the response of severa 1 neural and 

neuromuscular systems during vestibular stimulation •. For this reason it might be 

advantageous if it were possible to measure, or at least develop as a concept, 

a single brain stem rotation signal which could be regarded as the unique input 

to the various sensory and effector systems. These systems would in turn presumably 

effect dynamic and perhaps other transformations before yielding their respective 

outputs. The neural activity in primary afferent vestibular neurones is probably 

not ideally suited to be rega~ded as this basic rotational signal, since in the 

intact preparation such activity ~a~ be modified by central mechanisms via the 

vestibular efferent pathway. 

Changes which may occ·ur in the rotational signal may be considered as 

resulting from transformations~ the latter being presented here under two headings, 

static and dynamic. Static transformations are independent of time, or in effect 

instantaneous, a linear static transformation being equivalent to pure amplification 

or attenuation. Non-linear static transformations, of greater interest here, include 

threshold and saturation phenomena. Dynamic transformations may be characterized 

by their fundamental property which is time dependence. Thus the output of the 

processor producing a dynamic transformation is dependent not only on the instan­

taneous value of the input but also on the past history of the input, or equivalently, 

on the "state" of the processor, which in turn js a function of the past history of 

the input. Dynamic transformations may also be divided into linear and non-linear 

varieties, the former being describable by linear differential equation~. A necessary 

and sufficient condition for linearity is the property of "superposition", which 

requires that the response to a number of inputs applied simultaneously be identical 

to the algebraic ~um of the responses to the same inputs applied individually. No 

attempt is made here to separate the two types of dynamic transformation except in 
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certain specific cases. It is important to appreciate that dynamic response 

characteristics cannot be detennined from a knowledge of static response alone. 

4.2.2 Static Transformations 

Trincker (1957) obtained a sigmoid cUrVe relating static cupula 

deflection to changes in the generator potential in the crista (Fig. 2-3). 

Similar curves were obtained by Groen, Lowenstein and Vendrick (1952) 

recording single fiber ampullary nerve activity in the ray, and by Ledoux (1949, 

1958) recordi ng the mass discharge of ampu lIary nerves in the frog. The three 

curves are shown in Fig. 4-1. However whi le Trincker used static, artificially­

induced cupula deflections, ~roen et al. and Ledoux plotted the peak neural 

activity followi ng a step change in' ve locity of rotation as a function of the magni­

tude of the step, arguing from theoretical considerations that peak cupula deflection 

should be proportional to step'magnitude. 

Both mechanical and neural mech'anisms have been proposed to explain the 

non-linearity. Trincker (1962) suggested that the curve is sigmoid because the hair 

cells are sensitive to shearing forces only, as seems to be the case for the otoliths 

and perhaps the cochlea. The implication is that the magnitude of such forces 

would be proportional to the sine of the angle of cupular deflection, but this is 

probably not the only explanation of the non li nearity . Trincker used enormous 

cupula deflections, and found the generator potential varied linearly with cupula 

angle, in one direction at least, for deflections up to 200
• Evidence has been 

presented in the preceding chapter which suggests that normal cupula deflections 

are much smallei, perhaps by a factor of ten or more. Thus it seems that the 

relationship between cupula deflection and generator potential, described by 

Trincker, only begins to be non-linear for cupula deflections far exceeding the 

normal range of cupula movement. This suggests that saturation phenomena in 

the neural encoding mechanism are the major cause of the non-linearity observed . . 
by Groen et a 1. and by Ledoux. 

There is additional ne~rophysiological evidence to support this view. 

Groen et al. (1952) reported that while most fibers showed a characteristic curve 
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(from Trincker, 1962) A - changes in DC potential (mv) in the crista ampullaris 
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following an angular velocity step vs. the magnitude of the step (o/sec) 
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which was fairly symmetrica 1 with respect to the resting discharge frequency, 

the response of other fibers was markedly asymmetrical, sorne showing no 

response until stimuli of high intensity were used. Subsequently Lowenstein 

(1955, 1956), studying the effects of steady polarizing currents on the dis­

charge of ampu Ilary nerve fibers, found that some responded symmetrica Ily to 

rotation alone, but gave a distinctly asymmetrical response when exposed to 

combined rotational and electrical stimulation. This would imply a variation 

of the cell's working point on its characteristic curve ,as a result of electrical 

stimulation, and suggests that the non-linearity must be due in part to some 

property of the sensory ce Il or primary neurone. 

Threshold phenomena form another class of static non-linearities; 

however confusion arises here because of terminology. A neurone whose output 

is taken to be action potential frequency can always be regarded as showing a 

threshold since negative frequencies do not exist. For example, a primary 

vestibular neurone which has a spontaneous discharge at zero cupula deflection 

has as its threshold stimulus a negative cupula angle (see Fig. 4-2a). The 

existence of a threshold effect or "dead zone" (Fig. 4-2b) in the vicinity of 

zero cupula deflection is an additional possibility. Though such a dead zone 

is often postulated (e.g., van Egmond et al., 1949; Miery, 1965), it is not 

clear why it should be centered around the resting position of the cupula. 

Neural mechanisms are unlikely to cause such a phenomenon, since, as pointed 

out by Groen et al. (1952), the majority of primary vestibular neurones have a 

spontaneous discharge. The concept of a "threshold" cupula deflection has arisen 

because in the many experiments on subjective and reflex response to small step 

changes in angular acceleration (reviewed by Clark, 1967), there always appears 

to be a lower limit to the magnitude of the step change which can be detected. 

By analogy with other sensory threshold phenomena, it may presumably be assumed 

that it is immateria 1 whether or not the initial acceleration is zero when the accel- . 

eration step is administered. This implies a moveable "dead zone" (Fig. 4-2c) 

which comes into play whenever the cupula is stationary in one position for a 

j 
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A. Idealized characteristic curves for neurones with negative (a) and positive 

(b) thresholds. f = neural pulse frequencYi 9-
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= cupula position. 
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B.. Dead-zone non-linearity centered about zero cupula deflection 

X = perceptual or reflex response • 
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C. "Moveable" Dead Zone 

X = small change in perceptual or reflex response, QC = smalJ change 

in cupu lar angle. 
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D. Graphical representation of a Resolution Uncertaint)l 

Fig. 4-2 THRESHOLD, DEAD ZONE AND RESOLUTION UNCERTAINTY 
For explanation see text. 



sufficiently long time. Such an effect might occur as a result of static 

friction ("stiction") between the cupula and the ampulla, though this 
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would imply a relationship hetween the shape of the dead zoné charac­

teristic and the acceleration waveform. Cupula restoring force might in 

addition make this characteristic asymmetrical excèpt at zero cupula angle. 

However there is evidence which indicates that the minimum per­

ceptible acceleration step varies in size depending on the amount of extraneous 

stimulation or "noise" which occurs in the expedmental setup (Ek, Jongkees 

& Klijn, 1959). This implies, as these authors point out, that the phenomenon 

is a problem of resolution and not a true dead zone or threshold manifestation. 

Malcolm and Jones (1969) have made a similar observation. A more suitable 

graphical representation might be that given in Fig. 4-2d. The very wide 
. 

range of observed angular acceleration "thresholds" in man (Clark, 1967) 

tends to support this view. 

ln existing studies of the discharge of canal dependent second order 

neurones in the vestibular nucleus, discussed in more detail below, there has 

been no specific investigation of further static transformations occurring at this 

higher level. Response patterns in these cells vary however, some being si lent 

in the absence of stimulation and showing a threshold, and others having a 

resting discharge and showing in effect a negative threshold, as in Fig. 4-2r . 

It is not clear to what extent this threshold depends on properties of respectively 

the first or the second order neurone. 

4.2.3 Dynamic Transformations 

At the endorgan level, it is clear from basic principles that electrochemical 

phenomena, whether in the hair cell and generator potential mechanisms in the 

neural encoder, or in the primary afferent neurones, cou.ld contribute to dynamic 

signal modificati~n in addition to the static transformations mentioned above. 

Ross (1936) and Adrian (1943) recorded respectively From singl~ first order neurones 
1 

and From vestibular nuclear cells, during rotatory stimulation. They concluded 
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that vestibular receptors must be of the "slowly adapting" type, since the 

slow decay of neural activity following a step change in stimulus angular 

velocity could be adequately explained on the basis of semicii"cular canal 

mechanics. Lowenstein and Sand (1940b), using more precisely controlled 

rotational stimuli and recording from single Vllith nerve fibers in the isolated 

labyrinth of the ray, reached simi lar conclusions. 

More recent evidence is not contradictory but emphasizes the possi­

ble significance of such slow adaptation, and suggests its time course may 

involve a time constant somewhat longer than the long time constant attributed. 

to semicircular canal mechanics. 

Lowenstein (1955, .1956) studied the effects of DC polarization on the 

discharge of si ngle ampu Ilary nervé fibers, and found that the sudden onset of 

an ascending current or sudden offset of a descending current produced a 

sudden increase in discharge frequency followed by a decline which was at 

first rapid and then continued at a slower rate towards the resting level. In 

the case for which he gives ~etai led data, the 'rapid decline was over in about 

two seconds and accounted for about 40% of the initial increase in firing ratei 

the subsequent slow decline would appear to have required several minutes to 

return to the resting level. 

Ledoux (1958, 1961) made extensive studies on the mass discharge of 

whole ampullary nerves in the frog during prolonged rotational stimuli with 

periods of both constant velocity and constant acceleration. His principal 

findings ore summarized in Fig. 4-3, which is taken from his 1961 publication. 

Figs. 4-30 and 4-3b show the responses to prolonged constant velocity and 

acceleration respectively, and these are clearly different from the expected 

responses of the cupula (dotted line) to the sorne stimuli. The neural discharge 

shows on overshoot in response to the velocity step'input and a lote decline in 

response to the acceleration step. In Fig. 4-3c is shown the response to a 
. , 

complex ve locity waveform of mixed steps and romps. Here the difference 
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between observed and expected response, indicated by shading, is very 

striking. Ledoux studied the velocity step response overshoot in detail and 

found considerable variation from one animal to another, though in any 

given preparation the magnitude of the overshoot was consistently re lated 

to stimulus magnitude. In ageing preparations the overshoot disappeared 

long before the resting discharge or the response to rotation, a fact which 

might implicate efferent mechanisms. However he states that he often cut 

the ampullary nerves for convenience in recording. 

The discharge of canal dependent cells in the vestibular nuclei 

has been studied recently by several investigators during controlled rotational 

stimulation of various forms. Constant veloCity rotation was used by Duensing 

and Schaeffer (1958, 1959) and constant angular accelerations by Crampton 

(1965, 1966) and by Shimazu and Precht (1965). Jones and Milsum, in a 

series of reports, have described the response to both these forms of stimu lation 

and also to sinusoidal rotational oscillation at various frequencies (Jones, 1967; 

Mi Isum & Jones, 1966, 1969). Simi lar experiments were performed by Gernandt 

(1949) and by Eckel (1954) using less weil defined stimuli. The general outcome 

of these investigations is that some vestibular neurones show responses similar to 

th ose expected on the basis of canal mechanics. However a number of variations 

from the expected responses were observed in some ce Ils, and these wi Il be 

described briefly . 

First, Jones and Milsum (1967) found some cel/s responding to a step 

change in angular acceleration with a fi ring' frequency which increased steadily, 

in proportion to head angular velocity, for periods of severa 1 minutes. Crampton 

(1966) found cel/s, normally silent, which were IIswitched on ll bya brief acceler­

ation and fired steadily for sorne minutes. Jones and Mi Isum have made a si mi lar 

observation. Secondly, Jones and Milsum (1967) and Milsum and Jones (1969) 

noted that cel/s exhibiting a threshold tended to respond asymmetrically during 

sinusoidaloscillation. "During the portion of the sinusoidal cycle when they 
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were active, the firing frequency of these cells increased more rapidly than it 

decreased, producing a skewed response in the leading direction. A detailed 

study of this effect has been made by Milsum and Jones (1969), but its origin 

remains uncertain, although it was suggested that a form of adaptation attri­

butable to the train of action potentials themselves may be a major factor. 

These authors suggest that functionally it may be significant in providing 

temporal "sharpening" of the signal. Third, Shimazu and Precht (1965) using 

acceleration steps as input, found that the firing frequency of high threshold 

units reached a steady value more rapidly than was the case for spontaneously 

discharging cells. The latter authors estimated the time constant for each cell 

by fitting the response to the curve of expected canal response, and found 

shorter time constants for spontaneously si lent units. It is not clear whether 

such curve fitting is valid; the apparently reduced time constant of spontane­

ously silent units may have been due to the same phenomenon as that causing 

the skewness described by Mi Isum and Jones (1969). 

A forth group of variations from the expected canal response deserves 

special mention. Crampton (1966), Shimazu and Precht (1965), and Jones and 

Milsum (1967) found that sorne cells showed a late decline in firing frequency 

in response to step changes in angular acceleration. Jones and Milsum (1967) 

0150 observed overshoots in sorne cells in the response to step velocity inputs. 

These responses are very sim i lar to those observed by Ledoux and described above. 

Moreover they are very reminiscent of the weil known phenomena of "adaptation" 

to constant acceleration, and secondary per- and post-rotational effects, 

observed in more remote responses to vestibular stimulation. Secondary ocular 

nystagmus and sensation following step changes in head angular velocity were 

weil known to early workers (e.g., Baranay, 1907; Buys, 1924) and have recently 

been extensively studied. The subject has been reviewed by Guedry (1965). 

These two phenomena, overshoot in the velocity step response and late 

dec li ne in the acce lerati on step response, thus reappear at severa 1 poi nts in 
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vestibu lar sensory and ref lex paths. This suggests that they may be the 
result of fundamental processing of the rotational signal, which in view of 
ledoux's findings, probably involves peripheral neural mechanisms to some 
extent. Recently there have been attempts to relate both phenomena in a 
single quantitative hypothesis, with results which lead to significant conclu­
sions relating to dynamic considerations of vestibular systems. The topic is 
deferred to the next section, which considers these and other quantitative 
hypotheses relating to signal processing in the vestibular sensory pathway. 

It is perhaps superfluous to comment on the great potential for in 
processinglhe brain stem which exists owing to the multiple interconnections 
between vestibular nuclei and other structures, in particular the reticular 
formation and cerebel/um. There are also complex interconnections among 
the vestibular nuclei themselves as shown by anatomical (Brodai et al., 1962) 
and physiological studies (Precht & Shimazu, 1965; Shimazu & Precht, 1965, 
1966). Some fi ndi ngs cf the latter authors suggest a quantitative hypothesis 
as to the mechanism of possible attenuation of high frequency components in 
the rotational signal and this is presented in the next section. In general 
however quantitative understandi ng of centra 1 processi ng mechanisms is lacki ng. 

4.3 MATHEMATICAl MODELLING OF OBSERVED DYNAMIC CHANGES 
IN THE ROTATIONAl SIGNAL 

4.3.1 General 

Quantitative explanation of dynamic changes in the neural rotation 
signal is sti" in its early stages, but is of considerable interest neven-heless, 
si nce the detai Is of su ch transformations wi" c learly be of great importance in 
quantitative studies of reflex mechanisms. In addition they may be of consid~ 
erable significance for the estimation of semicircular canal parameters from 
input-output relationships when the time course of cupula motion is inferred 
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from a response which is remote from the endorgan. 

Two forms of dynamic processing are considered here. First the 

question of "adaptation" phenomena in the response to step and ramp changes 

in head angular velocity is discussed. It seems ppssible these may both be 

explained by a single process, effectivelya form of high-pass filter affecting 

low frequency components of the rotation signal predominantly. Second, 

tentative suggestions are made as to the location and mechanism of a possible 

low-pass filter affecting high frequency information in the canal signal. 

4.3.2 Adaptation Effects 

There have been recurring suggestions since the time of Rohrer 

(1922) that overshoots and adaptation effects in responses to step changes in 

head angular velocity and acceleration occur because the hydromechanical 

system of the ca na 1 is rea lIy underdamped. Th is view however is untenab le in 

view of the evidence from experimental studies using the frequency response 

mode of analysis. The results of Groen, Lowenstein and Vendrick (1952) and 

of Jones and Mi Isum (1967) are particularly convincing on this point. 

Young (1968) has attempted to explain these adaptation phenomene 

in terms of a hypothetical neural mechanism which acts as a high-pass filter 

with a time constant of about 30 seconds. His arguments in support of such a 

mechanism are based in part on the assumption that adaptation occurs only in 

the subjective sensory response. Neverthe.less, the mode 1 i lIustrates clearly 

the possible effects of changes in low frequency components of the rotation 

signal. The model is shown in block diagram form in Fig. 4-40, and consists 

of a time delay element, included by Young for other reasons, and a high-pass 

fi Iter. The time de lay may be ignored si nce its effect wou Id be sma Il at low 

frequencies. The fi Iter is su ch as to respond to a step change in cupula position 

with a simple decaying exponential having a time constant of 30 seconds. In 

Fig. 4-4b, taken from Young (1968), the response of this modal (dotted line) 



.. 

• 
CJ) 

HEA 
AN 
AC 

-

~ 
NYSTAGMUS 

L SLOW PHASE . r---

VELOCITY 
(BEFORE 
ADAPTATION) 

SEMICIRCULAR . 
CANAL 

. 

9.8 .. . 
(s+ 1 0) (s+O.0625) CUPULA 

~ DEFLECTION 
TION 

'--- e-··3s 

0.3 SEC 
DELAY 
TIME 

... s 

Sor .033 
-- - -

30SEC 
ADAPTATION 

.~;ffi 

Fig. 4-4(a) MODEl FOR "ADAPTATION" EFFECTS IN THE VESTIBULAR SENSORY SYSTEM 

(from Young, 1968) To explain adaptation phenomena in the subjective response to 

canal stimulation Young proposes a high-pass filter with a time constant of 30 sec. 

'--~~--..~ 

e 

SUBJECTIVE 
ANGULAR 
VELOCITY 

t.n 
- --- ~ -_. -- ..... o 

:,j 
~-



-

~HEAD ANGUlAR VElOC·ITY 

1.0 ..... -:------------------!...----------------

.5 

... .. .. .. .. 
•• •• .. 

•• .. 
•• .. 

•• •• •• 
••••••• ~~CUPUlA ANGLE .. 

•• •• •• •• .. .. •• .. .. .. 
MODE l 0 UT PUT ~ •••••• 

. .-..... .. 0' ' ........., , 
t.. 20 ......... 30 ........ ................... " ........................ . 10 

, 

e 

Fig. 4-4(b) COMPARISON OF RESPONSES OF YOUNG'S IIADAPTATIONII MODEl AND OF THE CONVEN-

TIONAl CANAL MODEl TO A STEP CHANGE IN HEAD ANGULAR VElOCITY. 

.. ~?:' 
" 

11l 
--' 
0-



52. 

to a step change in head velocity is compared with the corresponding theor­

etical time course of cupula position (solid line). Cupular response is assumed 

to correspond to the over-damped torsion pendulum model, and decays with a 

time constant which Young takes to be 16 seconds, a value obtained by fitting 

his model to experimental step-response data. Young shows that if the some 

data (e. 9 ., the dotted 1 i ne in Fig. 4-4b) were fi tted to a second-order mode 1 

in the conventiona 1 manner, a considerably lower value would be obtained for 

the long time constant. This is illustrated in Fig. 4-4c, in which the model 

output, go' is plotted semilogarithmically against time. Provided the plot 

stops before the response magnitude becomes zero, then a reasonably straight 

fine is obtained, with a slope corresponding to a time constant of 10 seconds. 

Thus a serious error in estimation of the "canal" parameter results if an over­

simplified model is used. If one takes into account the overshoot which occurs 

later in the response then it is clear that the second order model is totally inade­

quate. Fitting the entire response to a third order model would make it possible 

to extract the correct "canal" time constant. Current work by Malcolm and Jones 

(1969) in this laboratory is concerned with evaluation of a similar but slightly 

more complex mode 1 of adaptation effects. Preliminary indications are that a 

more consistent fit to responses to severa 1 forms of rotational input may be possible 

with this model than is the case for that of Young. 

Little is known as to the sources of these low frequency effects. Guedry 

(1965) has reviewed the evidence, relating to the effects of arousal and other 

factors, which point to a contribution by central neural mechanisms. The fact 

that some second-order vestibular neurones do not seem to show adaptation 

(Crampton, 1965, 1966; Shimazu & Precht, 1965; Jones & Milsum, 1967) seems 

to confirm this view. However the studies of Ledoux (1958, 1961) indicate 

that elements in the periphery are probably involved. Unfortunately it is not 

clear from the publications of Ledoux whether or not the neural connection to 
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the brain stem was severed in preparations showing adaptation, so that the 

role of vestibular efferent fibers cannot be assessed. There are of course 

electrochemical phenomena, common to ail neurones, which might contribute 

to adaptation effects at any or ail of several levels in the vestibular sensory 

pathway. 

Those familar with the literature on adaptation may be tempted to 

ask why no mention has been made of phenomena, simi lar to the overshoot and 

response decline discussed above, which are observed in nystagmoid head 

response of pigeons (e.g., Mowrer, 1935). The answer lies in the much greater 

complexity of the "vestibulo-coilic" system controlling head movements (see 

Part III). The phenomena may be related,but there are strong arguments against 

jumping to such conclusions before the nature of vestibular control of head 

movement is clarified. 

4.3.3 Proposai for a Neural Mechanism for High Frequency Fi Itering in the 

Vestibular Nuclei 

It is pointed out in Chapter 3 that calculations based on semicircular 

canal dimensions yield a value of 0.005 sec. for the short time constant of the 

canals in man. In contrast, experimental studies have yielded much larger 

estimates. Van Egmond, Groen and Jongkees (1949) using the torsion swing, 

and Niven and Hixson (1961) and Hixson and Niven (1961) from human vesti­

bulo-ocular response obtained average values of 0.1 sec. Miery (1965) fitted 

the simple second-order model to data from human vestibulo-ocular response 

and obtained a value of 0.04 sec. as the short time constant. However he was 

careful not to imply that this value necessarily characterized the canal response. 

It might be argU'ed that the discrepancy between theoretical and 

experimental estimates is due to technical difficulties. Theoretical estimates 

. from canal dimensions may be too small owing to shrinkage during fixation of 

the specimens on which measurements were made (Jones & Spells, 1963). On 

the other hand, the experimental estimates, ail of which are based on responses 



54. 

to oscillatory stimuli, may have been inaccurate because an inadequate range 

of stimulus frequencies was used. However there are more fundamental 

arguments against assuming that the short time constant determined from such 

experiments really characterizes the high frequency response of the semi­

circular canal. In the case of sensation, reaction time delay alone would be 

expected to cause pronounced phase lag at high frequencies and obscure canal 

characteristics, as Mayne (19650) has pointed out, and in the case of reflex 

vestibulo-ocular response there is evidence, now to be discussed, for filtering 

of high frequency components in the rotation signa 1. 

Recent work by Sugie and Jones (1966), discussed in detai 1 in Chap­

ter 5, suggests that there exists in the vestibulo-ocular reflex mechanism a 

low-pass fi Iter with a time constant of one second, which leads to attenuation 

of high frequency components in the rotation signal. The effect may be due 

to mechanical and neuromuscular dynamics in the orbit, as discussed in the 

next chapter. However the possibi lit y of neura 1 fi Iteri ng in the vestibu lar 

nuclei themselves becomes attractive in view of recent work by Shimazu and 

Precht (1966). 

The latter authors found two groups of cells, designated Types 1 and 

and Il, which were sensitive to horizontal angular acceleration, and located 

mainly in the superior and medial vestibular nuclei. Type 1 cells were mono­

synaptically excited by ipsilateral primary vestibular neurones. Type Il cells, 

probably inhibitory to Type 1 ce Ils, were excited bisynaptically or trisynaptically 

by contralateral primary afferents. Thus there appear to be relatively fast 

crossed and uncrossed pathways exerting respectively inhibitory and excitatory 

effects on Type 1 neurones. A shallow midline section between vestibular 

nuc lear regions abolished the crossed inhibition, and uncovered a much s lower 

crossed excitatory effect, presumed to be mediated by reticular connections. 

Thresholds for the two crossed pathways were found to be of the same order of 

magnitude. 
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The time course of the slow crossed excitatory effect on Type 1 

neurones is of great interest. Shimazu and Precht (1966) give one example 

of this in a record of the firing frequency of a Type 1 cel l, after section of 

the fast commissural pathway, in response to repetitive stimulation of the 

contralateral VIII th nerve (Fig. 5 in Shimazu & Precht, 1966). The data 

from this record have been converted into a plot of firing frequency versus 

time in Fig. 4-5 (uppersolid line). The lowersolid line indicates the 

duration of nerve stimulation. The firing frequency is seen to rise slowly 

and then fall slightly during the period of stimulation, following which it 

declines slowly bock to the resting level. The time course of the firing 

frequency can be ap'proximated roughly by the dotted curve in the figure, 

which represents the response of a simple low-pass fi Iter with a time constant 

of 0.25 sec. to a stimulus pulse having the same duration as the Vllith nerve 

stimulation. There is an experimentally dcfined possibi lit y for high frequency 

low-pass fi Iteri ng in the vestibu lar nue le i themse Ives. 

4.4 HABITUATIO N OF COMPLEX RESPONSES TO VESTIBULAR 

STIMULATION 

Decline in the response to vestibular stimulation following repeated 

. application of the stimulus is commonly known as vestibular habituation. It 

has been studied almost exclusively through examination of reflex or higher 

neural systems such as the subjective sensory system, and is generally believed 

to be due largely to central rather than peripheral mechanisms. The term 

"habituation" has been used in a specifie sense by psychologists (Thorpe, 1950) 

to refer to a response decline attributable to repeated elicitation, and is 

supposed to be characterized by three features: "acquisition", Il retention" , 

and "transfer". Application of the term so defined to a response which is a 

complex function of time is difficu It and requires a high degree of rigor and 

consistency in i ts use. 
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This definition carries the strong implication that the response­

decline comes about by some auto-adaptive of learning process, the require-

. ment for "transfer" being particularly emphatic in this respect. It must be 

emphcsized however that any transformation, occurring within a system and 

having its dynamic effects at very low frequencies, might manifest itself as 

a slow, apparent change in the nature of the system's response, and might be 

i nterpreted as a change in the supposed parameters of the system if such para­

meters were defined in terms of an oversimplified model. Very low frequency 

effects are to be expected in neura 1 systems owing to the complex physico­

chemical phenomena which occur, and in the cupula response,. as a result of 

slow mechanical"creep" which presumably occurs under stress. Similar slow 

dynamic effects might also occur as a result of processing in relatively "fixed" 

neura 1 networks. 

It is not the author's intention to make a case for one or other of 

these non-Iearning mechanisms as an explanation of habituation-type pheno­

mena, nor should these comments be construed as an argument against the 

possible role of auto-adaptive or learning processes in so-called vestibular 

suppression. Rather the two possibilities must be considered together, and 

it seems unreasonable to become committed, even if only in terminology, to 

the more complex of two possible sets of hypotheses without first excluding 

the simpler one. 

With these introductory comments a very brief review of the effects 

of repeated vestibular stimulation is presented. 

Increased tolerance to the disconcerting effects of rotation has been 

observed frequently in persons occupationally exposed to frequent rotations 

(Dunlap, 1919; Mowrer, 1934c; de Wit, 1953; Krijger, 1954; Aschan, 1954; 

McCabe, 1960; Collins, 1965). De Wit (1953) in seamen, Krijger (1954) and 

Aschan (1954) in pilots and Collins (1965) in skaters found consistently low 
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values for the decay time constant of sensory or reflex response to brief 

angu lar acce lerations (ve locity steps). Both Kri jger and Aschan found 

that fighter pilots who had fiat cupulograms (Le., relatively low values 

for the long time constant) when flying regularly, frequently developed 

longer time constants during periods away from flying. Groen and 

Jongkees (1948) and de Wit (1953) describe reduced time constants 

(flattened cupulograms) in normal subjects exposed to large or iepeated 

brief accelerations. Cawthorne, Dix, Hallpike and Hood (1956), recording 

the time course of slow phase eye velocity estimated by the oculogyral 

illusion, found a change in gain (i.e., in the magnitude of the best-fit 

exponential) but not in the time constant. They argued that the decline 

of response gain during the repeated stimulation required for the cupulogram 

wou Id lead erroneous Iy to a reduction in its slope. However this wou Id only 

be true if the velocity steps were administered in order of increasing magnitude, 

a routine which the Utrecht school avoided (van Egmond, Groen & Jongkees, 

1948), so that this argument is not va lid. The time constant of the single 

exponential which yie Ids the best fit to the recorded decline of slow phase 

eye velocity following a stopping stimulus has been shown to change dramatically 

with changes in he ad position (Benson & Bodin, 1966) so there seems little doubt 

that apparent changes in time constant can occur. 

Gain changes and time constant changes therefore seem to be possible 

results of repeated simple stimuli. Unfortunately in the many other studies of 
• 

"response decline" quantitative est:mates o(such specific changes have not been 

made (e.g., .Abels, 1906; Bentley & Dunlap, 1918; Mowrer, 1934c; Hood & 

Pfaltz, 1954; Suzuki & Totsuka, 1960; Fernandez & Schmidt, 1963). In many 

cases the duration of nystagmus, or the number of saccades has been recorded; 

each of these could be affected by changes in the gain or in the time constant. 

Response decline also occurs following repeated caloric stimulation (Henriksson, 

Kohut & Fernandez, 1961; Fluur & Mendel, 1962; Fernandez & Schmidt, 1963). 
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Such studies are more difficult to relate to quantitative theories, though 

mathematical modelling of events involved in caloric nystagmus (Steer, 

. 1967) may make this more feasible. 

"Response decline" has also been studied.in situations where 

eonflicting sensations may be expected from linear and angular acceleration 

receptors as weil as proprioceptive and other sensors. These studies have 

recently been reviewed by Guedry (1965), and they provide considerable 

food for thought, though few consistent relationships have emerged as yet. 

Studies on the "retention" of vestibular habituation have yielded 

very variable results. De Wit (1953) reported almost complete recovery of 

the cupulogram slope in human subjects two hours after the end of a series of 

repeated stopping stimuli. Groen and Jongkees (1948a) in man noted suppression 

lasting several da ys • Fernandez and Schmidt (1963) found suppression in cats 

lasted days or weeks depending on the number of stimuli and the degree of 

suppression. Griffith (1924) reported that in man the effects lasted for years. 

Factors governing the rate of "acquisition" of the suppression are 

not clear. According to Hood and Pfaltz (1954) the decline in rabbits depends 

largely on the number of stimuli, the interval between them having little effect. 

ln their study the interval between stimuli was varied from one minute to one 
1 

week.· This indicated a very slow recovery rate in these"animals. Other 

detai led studies on the interplay between suppression and recovery appear to 

be lacking, though an exhaustive literature search has not been made by this 

writer. The question is asignificant one for any quantitative description of 

the phenomenon. 

Habituation is often related to the learning process (Groen, 1961; 

Guedry, 1965; Howard and Templeton, 1966) and there can be little doubt 

that such phenomena are involved to some extent. This implies that the 

suppression should be specifie to the stimulus, or more properly to stimuli 

having certain salient properties in common. The carry-over of suppression 
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from the response to the original stimulus to the response of a different 

stimulus wou Id be ca"ed IItransfer" and is a manifestation of the extrapolative 

nature of the learning process. As such one wou Id expect it to be less striking 

in lower animais but this aspect has not apparently been investigated. 

ln recent studies of IItransfer li using simple stimuli, Crampton (1962) 

found no transfer using rotations in opposite directions. Correspondingly 

Fernandez and Schmidt (1963) and Henriksson et al. (1961) found that repeated 

calorie stimulation with hot water in one ear resulted in reduced response to 

ipsi latera 1 hot and contra latera 1 cold stimu lation, but norma 1 response to ipsi­

lateral cold and contralateral hot stimulation. Hood and Pfaltz (1954) 

obtained no suppression with repeated calorie testing, and no transfer from 

rotational to calorie modes of stimulation. Guedry (1965) has reviewed transfer 

experiments using various complex forms of stimuli; the results are complex also 

and no useful generalizations seem to emerge as yet. 

A possible factor in vestibu lar suppression is the predictive abi lit y of 

the human subject. This phenomenon has been extensively studied in man­

machine applications (Wilde & Westcott, 1963; Morgan et ciL, 1963) and in 

the visual tracking system (Young, 1962; Michael & Jones, 1966). The impli­

cation is that the subject, perhaps unconsciously, identifies the nature of a 

repetitive stimulus and is thus able to predict what wi" h~ppen next and so 

improve the tracking response •. In visual tracking it is found for example that 

when an osci lIatory target motion is suddenly stopped the eye continues for 

some seconds along the path the target would norma"y have fo"owed. Travis 

~nd Dodge (1928) and von Bekesy (1955) observed a simi lar phenomenon in the 

vestibular system, subjects reporting that the sensation of oscillatory rotation 

continued up to 20 seconds after actua 1 osci IIation of the turntab le had ceased. 

However, in this case prolonged exposure to the osci"atory motion was necessary. 

This finding may be related to findings of Cramer, Dowd and Helms (1963) who 

studied in cats the effect of prolonged daily rotational oscillation at a given 
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frequency. Though poorly defined in the preliminary study, there is 

clearlya change in phase shift of the vestibulo-ocular response to stimu-, 

lation at the test frequency and neighbouring frequencies. These pheno­

mena in the vestibular system are different from the manifestations of 

"prediction" demonstrated by Young (1962) and others in the visual 

tracking system. It would be interesting to study the response of vesti­

bùlar systems such as the vestibulo-ocular reflex using unpredictable 

inputs in the manner of Young. It might be possible in this way to study 

slow dynamic phenomena without interference from the usual learning or 

predictive mechanisms. 

Before leaving the topic, mention should be made of sorne of the 

confusing factors which plague studies of vestibular suppression. The concept 

of habituation as learning implies learning to weight non-vestibular inputs in 

favour of "undesirable" vestibular sensations. Non-Iearning contributions 

to vestibular suppression are difficult to evaluate since it is difficult if not 

impossible to suppress ail non-vestibular sensory input. On the other hand, 

it is difficult to ensure reproducible results from the learning mechanism, 

because orousal plays so important a role in this process. Arousal variations 

contribute in other ways also. Nystagmus under any circumstances is very 

sensitive to change in arousal, and may disappear completely in drowsy 
• 

subjects. The corneo-retinal potential, commonly used as the basis for 

recordings of eye movement, is also reduced in drowsy subjects (Kris, 1960). 

Finally, this potential also varies dramaticalty during changes in retinal dark 

adaptation (Kris, 1958; Gonshor & Malcolm, 1968). 

4.5 CONCLUSION - PART 1 

This section brings to an end the first portion of this thesis, which 

reviews current understanding of the vestibular sensory pathway, particularly 

;., 
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those aspects which are relevant to the investigation of reflex phenomena 

resulting from semicircular canal stimulation. The considerable length of 

this portion of the thesis resu Its from an emphasis on the possibi lities for 

processing of the rotation signal at different stages in the sensory pathway. 

Basic anatomica 1 and physiological knowledge of the labyrinthine 

receptors has been presented, and the classic hydrodynamic theory of semi­

circu lar cana 1 function has been reviewed. Dynamic response characteristics 

of the canals have been discussed in detail with emphasis on methods, both 

experimental and theoretical, for estimating the parameters which characterize 

cana 1 response. 

ln the present chapter current anatomical and experimental under­

standing of the vestibular sensory pathway has been reviewed. Special con­

sideration has been given to experimenta 1 observations from which useful 

quantitative hypotheses can be made as to the nature of the neural processing 

which occurs. In one case, that of high frequency fi Itering of the rotation 

signal in the vestibular nuclei, a new quantitative hypothesis has been put 

forward. The importance of giving careful attention to the possibility of 

dynamic processing or filtering of the rotation signal by neural mechanisms 

after its fi..st appearance as a cupula deflection, emerges as a major point of 

emphasis. 

The subject of habituation of complex responses to vestibular stimu­

lation and related phenomena has been given fairly extensive consideration in 

this chapter. Whi le not centra 1 to the the~e of this thesis, these phenomena 

are of interest since they presumably reflect in some degree the vast adaptive 

and optimizing capability of the central nervous system. Studies of optimization 

in the vestibulo-ocular system, described in Chapter 6, are related in a broad 

sense. 

Parts Il and III of this thesis deal with original theoretical and 
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experimental investigations of reflex responses to the rotation signal. 

Part Il, which is entirely theoretical, carries on the theme of dynamic 

processing, elaborated in this chapter, to a detailed consideration of 

a simple mathematical model of the vestibulo-~ular system. The same 

theme und,erlies the approach to experimental investigations described 

in Part III. 
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PART Il 

THEORETICAL STUDIES OF THE VESTIBULO-OCULAR SYSTEM 
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CHAPTER 5 

THEORETICAl ANAlYSIS OF A MATHEMATICAL MOPEl OF THE VESTIBUlO­

OC ULAR REFLEX SYSTEM. 

5.1 INTRODUCTION 

Buys (1922) was one of the first investigators to suggest using the 

velocity of compensatory or IIslow-phase li eye movement, measured under 

appropria te conditions, as an index of cupula motion. Support for this view 

increased with the discovery that in response to the classic stopping stimulus 

(step change in head angu lar ve locity), slow-phase eye velocity consistently 

decayed along an approximately exponential time course with a time constant of 

the same order as that expected of the canal itself. The demonstration br Lorente 

de No (1933), Szentagothai (1950) and others, of the rather simple three-neurone 

structure of the basic vestibu lo-ocu lar reflex arc a Iso suggested a close connection 

between cupula signal and the eye velocity compensating for it. 

On the basis of th is and other more tenuous evidence, i t has become 

customary to assume or imply that slow-phase eye velocity in the vestibulo-ocular 

response is directly proportional to cupular angle. The very real possibility of 

dynamic processing by neural and oculomotormechanismsthus tends to be glossed 

over. Recent studies by Sugie and Jones (1965, 1966) clearly indicate the ex -

istence of such processing, and suggest specifically the functional nature of one 

of the mechanisms involved. A major finding by these authors is that in different 

experimental situations,quantitatively significant variations occur in the dynamic 

relationship between cupula signal and compensa tory eye velocity. In the present 

chapter, detailed analysis of a mathematical model proposed by Sugie and Jones 

is undertaken in an attempt to clarify further the nature of some of these variations. 

It has been customary to assume that the quick saccadic flicks of eye 

position, so characteristic of the vestibulo-ocular response, do not affect the velocity 

of the eye during the ensuing slow-phase movement. This implies that each saccadic 

flick resu Its from the super-position of an approximate step change of eye position 

upon the on-going compensa tory eye movement. Miery (1967) explicitly makes this 
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assumption in computing "cumulative eye position", this being a running estimate 

of the eye position which would supposedly have occurred if saccades had been 

absent. Miery has obtained fairly consistent results by this method in the ana Iysis 

of records of human eyè movement during sinusoidal head motion.· The utility of 

this method is not seriously prejudiced by the ~nsuing discussion, but there is 

evidence that this explanation of the observed eye moyement is inadequate. 

It has been known for some time that saccadic activity in the vestibulo­

ocular system may be differentially suppressed at certain stages of ether anaesthesia 

and in some other situations, and that with complete suppression of ail saccadic 

flicks a form of continuous, smooth, tracking eye movement persists. Sugie and 

Jones (1966), in experiments on cats, have studied the consequences of different 

degrees of saccadic suppression using varying leve Is of ether anaesthesia, and 

note that the occurence of a saccade has a clearly defined effect on eye 

velocity during the ensuing slow-phase interval. The magnitude of the effect, 

which is to increase slow-phase eye velocity, is dependent on the magnitude 

of the saccadic flick, and repeated saccades have a cumulative effect. 

These authors have deve loped a mathemati ca 1 mode 1 for the vestibu 10-

ocular system which appears to explain their findings, and this is illustrated in 

Fig. 5- ~. The basic feature of the mode 1 is the hypothesis that there is a 

mechanism, which wh en unforced always tends to drive the eye towards its 

resting or centra 1 position at a rate proportiona 1 to its instantaneous displacem~nt 

from that position. Su ch a mefhanism, if assumed to have an input x(t) and 

an output y{t) , may be characterised by the differentia 1 equation 

T 3 dy{t) + y{t) 
dt 

or by the Laplace transfer function 

y{s) = 

= T3 x{t), 



-
Semicircular 
Canal Primary Pathway 

65a 

Eye­
Centering 
Fil ter 

GH aT1
Tt G

C K
1 

r 
T3 GE - GH 

(T1s+1}(T2s+1} T~s + 1 Head - Eye + 
Anguler 

Sampler 
Position 

Velocity re Head 
~ ~ S K

2 

Secondary Pathway 

Fig- 5-1 SUGIE-JONES MODEl FOR THE VESTlBUlO-OCULAR SYSTEM 

(from Sugie and Jones, 1965,1966) 

R 
0 VV\I\., 0 

1 v. C V 
ln l out 

0 0 

Fig- 5-2 A lOW-PASS R-C FllTER, OR APPROXIMATE INTEGRATOR 

This circuit has the transfer function l/(RCs+ 1), and may be used 

as an ana log of the eye-centering fi Iter of the Sugie-Jones model 

., 



66. 

This is a s~mple low-pass filter with a time constant T 3' which Sugie and Jones 

estimated to be about one second in the cat. 

A first-order low-pass filter is equivalent to the electronic R-C filter 

shown in Fig. 5-2, sometimes ca lied an "integrator with leak". It integrates 

h igh frequency components in the input, but passes low frequency components 

. without change. 

ln the model proposed by Sugie and Jones, the filter has two inputs. 

One is a continuous signal, directly proportional to ·cupula deflection, which 

is carried by the "primary pathway" (Fig. 5-1). A "secondary pathway", re­

sponsible for the saccades, carries a "sampled" signa 1 consisting of a train of 

pulses whose effects are described below. It should be emphasized that the semi­

circular canal signal (i .e. cupula deflection) is assumed to be a velocity signal, 

as discussed in Chapter 3. 

When saccades are completely suppressed, then according to the model 

the only input to the filter would be thecontinuous sig!1al From the canals. Input 

components at high sinusoidal frequencies (above about 1.6 cps.)· would be 

accurate Iy integrated, providing an output ,eye position, appropriate to com­

pensate for the velocity signal From the canals. At such frequencies one would 

expect smooth, non -saccadi c tracking to be adequate, at least in so far as phase 

relationships are concerned. 

At frequencies near and be low the break frequency of the fi Iter, the 

model leads one to expect seriouserrors to occur in non-saccadic vestibulo-ocular 

response, eye position becoming progressive Iy phase advanced and attenuated 

until it is more closely related to head velocity than to head position. Sugie and 
\. 

Jones have shown that this does indeed occur, and that under these conditions in 

which integration by the continuous pathway is poor, the occurrence of saccades 

effectively acts to improve the qua lit y of integration, producing an increase 

in the velocity of the eye during the slow phase and causing the points of zero 

eye velocity to occur later in the sinusoidal cycle than is the case in the non­

saccadi c response. At these frequencies therefore the occurrence of saccades 
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results in compensation for head velocity, which though it is intermittent, is 

much more precise than in the non-saccadic case. 

Sugie and Jones explain the saccade as the result of a pulse acting on 

the same filter mechanism as that providing approximate integration of the con-

tinuous c~nal signal, and propose a sampled or saccadic pathway in the vestibulo-

ocu ICir system, cCirrying CI tr'CI in of pu 1 •• " one pu I,e c:orr •• ponding to eCich ICIccClde. 

The pu Ises are not of course to be thought of as single action potentia Is, but 

presumably as narrow bursts of action potentials, such as are commonly seen in 

association with saccades in recordings from the oculomotor nuclei (Jones & Sugie, 1965. 

Schaeffer, 1965). 

ln the preliminary version of the Sugie-Jones model illustrated in Fig. 5-1, 

the saccadic pulse train is considered to have a fixed frequency of about five 

per second, with the pu Ise-amp 1 itude modu lated by the cupu la signa 1. These 

assumptions of fixed frequency and amplitude modulation are admittedly approx­

imations, though in simulation studies they provide results which quite closely 

resemble experimental records. In actual fact there appears to be some form of 

frequency modulation of the saccadic pulse train, perhaps also by the canal 

signa 1, and there is some inconsistency with the assumption of amplitude modulation. 

Further experimental studies on these points are thus required before definitive 

statements can be made. 

Before continuing to examine sorne implications of the mode 1 , it is 

interesting to consider the possible nature and site of the filter mechanism. One 

possibility, that of a neural filter in the vestibular nuclei, has been considered 

in Section 4.3.3. There is another possibility however, and the two are not 

mutually exclusive. Robinson (1964, 1965) has made a detailed study of the dynamics 

of human eye movement, and has proposed a mathematical model relating eye 

movement to the active-state tension exerted by the extra-ocular muscles. The 

eye was found to be very heavily damped, and orbital dynamics, which are assumed 

to include the effects of neural control loops involving the extra-ocular muscles, 

are represented by two visco-elastic "Voigt" elements in series. The model is 

described bya fourth-order differential equation, and its frequency response 
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Fig. 5-3 FREQUENCY RESPONSE (AMPLITUDE RATIO) OF ROBINSON1S 

MODEl (1968) OF HUMAN ORBITAL DYNAMICS. 

(Mode 1 input is Active State TenSion of muscle, output is Eye Position) 
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(Robinson, 1968) shows a first break down at a frequency corresponding approximately 

to the time constant of the slowest "Voigt" element, which is 0.3 seconds (Fig. 5-3). 

ln other words active-state tension, which presumably is closely related to action 

potential frequency in the muscle nerve, would produce a proportionate eye move­

ment at low frequencies, with attenuation and phase lag at high frequencies. In 

a suitably restricted frequency range this is very simi lar to the effect of the simple 

low-pass filter or leaky integrator proposed by Sugi and Jones, and the time 

constants correspond fairly weil. The filter required to explain vestibulo-ocular 

responses may thus be entirely due to orbital dynamics. Current studies {Tarlo & 

Jones, 1968) are aimed at elucidating this point but as yet it is impossible to be 

certain whether central or orbital mechanisms are more significant. 

5.2 

5.2. l 

MATHEMATICAL ANALYSIS 

General 

ln this section the Sugie-Jones mode 1 for the vestibulo-ocular system 

is anal~sed in detail. The initial portion of the analysis, including the content 

of Sections 5.2.2and 5.2.3 has been reported by Sugie and Jones (1966). Most 

of the remaining two sections is original; analytical results obtained by Sugie 

and Jones are so indicated as they occur. The entire analysis is presented together 

for the sake of continuity. 

It is convenient for the purpose of analysis to redraw the block diagram of 

the model as in Fig.5-4 to show two distinct pathways, one continuous and one dis­

continuous or sampled. The cupula signal Qçdivides to form the input to the con­

tinuous and sampled pathways, and their outputs, y 1 and y 2 respectively, are com­

bined algebraically to yield the final output QE- QH ' the resulting position of eye 

in skull. The transfer function G(s) and the corresponding impulse response l g(t), 

are assumed to be the same for both pathways, so that the block diagram is functionally 

The impu Ise response of a dynamic system is the response of the resting system 
to a unit impulse funtion, end is the time domain equivalent of the Laplace 
transforme The unit impulse function or 'delta function' of Dirac, may be 
regarded for conceptual purposes as a pulse of unit area and infinitesimally 
short duration. In the present case the impulse response is the response which 
would be obtained if, with no input to the system, the eye were passively 
deflected through a unit angle and then suddenly released. 
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identical to that of Fig. 5-1. 

The continuous pathway consists of a simple first-order lag with the 

Laplace transfer function 

y 1 (s) 

9c(s) 
= 

= 

and impulse response 

where 

= K e 
1 

-t/T3 
(for t>O) 

The symbol U -1 (t) is used to den ote a unit step function occurring at t=O. 

The sampled pathway involves a simi lar transformation, but it is pre­

ceded bya sampler indicated by the switch S which closes momentarily every 

T seconds. To simplify analysis it will be assumed that the sampler is ideal, 

closing for an infinitesima Ily short time every T seconds to produce a train of im­

pulses, the area of each impu Ise being proportiona 1 to the instantaneous cupular 

deflection. In a rea 1 mode 1 , in which idealimpulses are approximated by rectangular 

pulses, an adjustment must be made to the gain of the sampled pathway, but there 

is little other effect except at very high frequencies, provided the actual pulses 

are short compared to the duration of the sampling interva 1 1. 

It is assumed throughout that inputs are applied at time t=O, and that the 

sampler S closes for the first time T seconds after the application of an input. The 

latter assumption is made because of the fact that experimenta Ily observed transient 

resp-onses in the vestibulo-ocular system nearly always begin with a compensa tory. 

("slow phase ll
) movement, while saccades are in the anti-compensatory direction. 
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The output of the sampler is a train of impulses, amplitude modulated 

by the cupula signal, and represented 

* <X) 
Ge (t) = Gc(t) r Uo (t-kT) 

k=l 
where UO(t-kT) represents a unit impulse function occurring at time t=kT. The 

output of the fi Iter F 2 will thus be the weighted sum of a series of delayed impulse 

responses 

Y2(t) = K ~ G (kT) e -a (t-kT) U (t-kT) 
2 k=l e -1 

.••••••••••• Eq.5.1 

Note that the magnitude of the (k)th impulse response is K
2
G
e

(kT), and that the 

(k) th h llsaccadic ll jump is of t e same rmgnitude. 

At the (n/
h 

sampling instant,t:2:nT , and 

n () -a (nT -kT) 
Y2{nT) = K

2 
r Ge kT e ....................... Eq. 5.2 

h k=l 
During the (n/ sampling interval, t= nT + (t-nT), and hence 

n 
= e -a (t-nT) K

2 
r GdkT) e -a (nT-kT) , nT~ t<,{nT+T) 

k=l 

-a(t-nT) ( 1 
= e y 2 nT) , n T ~ t <" ,n T + T) . . . . . . . . . . . . .. Eq. 5.3 

Thus during each sampi ing interva 1 the saccadi c pathway output decays exponentia lIy 

from its value immediately after the preceding saccadic jump. The decay has a time 

constant of a = lIT 3' and is a Iways the same regardless of the form of the input Ge 

The velocity y 2 due to the saccadic pathway is obtained by differentiating 

Eq. 5. l, i. e • , 

Y2(t) = -a K
2 
~=1 Ge{kT) e -a (t-kT) U_

1
(t-kT) 

CD 

= -a Y2(t) + K
2 

r Ge(kT) UO(t-kT) ............... Eq. 5.4 
k=l 
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The second term in this expression represents a series of impulse functions which 

occur on differentiation owing to the jump discontinuities ("saccades") which 

exist in the position output at the sampling instants. The impulses thus 

correspond to "quick-phase" velocity. The functiona lIy impor'tant slow-

phase velocity due to the saccadic pathway wi Il be denoted 

Y2,s(t) = -a Y2(t) ••••••••••••••••••••••••••••• Eq. 5.5. 

Thus it émerges that the waveform of slow-phase saccadic pathway velocity is, 

except for a scale factor and polarity reversai, identical in every respect to 

the waveform of saccadic pathway position. This is a general result and is 

of some importance. In contrast, the re lationsh ip between position and 

velocity in the continuous pathway is of course frequency dependent. 
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5.2.2 Response to a Step Change in Cupula Position 

This response, described by Sugie and Jones (1966), is useful to consider 

as it i IIustrates in a simple way the characteristic features of the basic fi Iter mechanism 

with its sampled and continuous inputs. It must be emphasised however that the 

response considered here is the response to a step change of cupula position and 

not of head position or head velocity. Such an input is unnatural, but has the 

analytical advantage that it demonstrates the effect of continuous and saccadic 

pathways without the confusion of a continuous Iy varying cupu la signa 1. 

If the cupula signal, gc' is a unit step function occurring at time t=O, 

then the output of the continuous pathway wi Il be 

. -at 
YI (t) = K1 e 

To obtain the output of the sampled pathway note that the output of 
* the sampler, gc' wi" be a train of unit impulse functions, that is 

9~kT) = 1, k = " 2, 3, 

Substitution in Eq. 5.2 yields 

n 
y 2 (n T) = K 2 r e -a (n T -kT) • 

k=l 
This can be summed as the partial sum of a geometric series, yielding 

1 
-anT . 

-e 

1 
-aT 

-e 

Hence by Eq. 5.3and Eq. 5.5 , 
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K 
-a (t-nT) 1 - e -anT 

2e , n TS t < (nT + T) 

1 
-aT 

-e 

K 
-a (t-nT) 1 - e -anT 

Y2,s(t)= -a 2e , nT S t < (n T+ T) • 

1 
-aT 

-e 

The responses of continuous and saccadic pathways are displayed 

individually in Fig. 5-5, position outputs being shown in Fig. 5-5(a) and velocity 

outputs in Fig. 5-5(b). The curves were obtained from an ana log computer mode 1 

using the parameter values a= 1.0 sec -1, and T=O. 2 sec, as suggested by Sugie and 

Jones (1966), and with K
I
= K

2
=1.0. As noted earlier the velocity output of the 

saccadic pathway is seen to be identical to its position, except for the reversaI of 

sign and the presence of impulses in the velocity output at the sampling instants. 

The impulses are not seen in Fig. 5-5(b). 

It must be emphasized that the jagged cur~s of Fig. 5-5 represent the 

contribution of the saccadic pathway only, and not the final eye movement, which 

is considered be low • 

Position output of the samp led pathway at the sampling instants folJows 

the same time course as the output of the continuous pathway , but has a greater 

magnitude (Fig. 5.5 (a)). For the parameter values stated, the output Y2(nT) 

reaches an asymptote which is greater than the asymptotic value of y 1 (t) by the 

factor, 

F = a 

-aT 
- e 

Using the weil known series expansion for the exponentia 1, and truncating after 

the second term yields the approximation 

F ~ 1fT. 

Thu5 in the present case the fina 1 asymptotic va lue of the saccadic pathway position 
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Fig. 5-5 RESPONSES OF THE CONTINUOUS AND SACCADIC 

PATHWAYS OF THE SUGIE-JONES MODEl TO STEP 

CHANGES IN CUPULAR POSITION 

Mode 1 parameters: Kl = K
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(Note that the impulses whieh theoretieally oceur in the saeeadie 
pathway velocity output are omittedfor the sake of elarity.) 
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Fig. 5-5 RESPONSES OF THE CONTINUOUS AND SACCADIC 
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Mode 1 parameters: K
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3
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(Note that the impulses which theoretically occur in the saccadic 
pathway velocity output are omitted for the sake of clarity.) 

Hori zonta 1 bars = l second. 
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output at the sampling instants is approximately five times the final value of the 

continuous pathway postion output. However if the gain K
2 

of the saccadic 

pathway is set equal to 1/F, or approximately equal to the magnitude or T, the 

sampling interval, then the final eye position output,(%-~) = Y2-Y1' becomes 

that shown in Fig. 5-6(a). The corresponding slow-phase eye velocity, . . 
(QE ,s - QH), is shown in Fig. 5-6(b). It wi" be seen that in these circumstances 

the nystagmoid eye movement which occurs is centered very near the zero position. 

However the time course of successive slow-phase eye movements is identica~and 

ail have the sorne mean slope. Thus the combined action of the two pathways at 

this particular value of the relative gain (K1/K2 = liT) results in a response 

showing two major advantages. On the one hand the overa Il eye deviation is 

smal/, and on the other hand the time course of mean slow-phase eye velocity is 

essentially the same as the time course of cupula position but in the opposite 

(i .e., compensa tory) direction. 

Sugie and Jones (1966) have shown that th is appears to be a genera 1 

result, which holds for ail the usual types of test input. That is, provided the 

gain ratio (K1/Ki remains approximately equal to liT, the time course of mean 

slow-phase eye velocity will be very nearly the same as the time course of cupula 

position. This appears to validdte the time-honoured assumption that slow-phase 

eye velocity is proportional to cupula deflection. However it must be emphasized 

that the model on Iy substantiates this assumption for a certain specific va lue of 

the gain ratio. When the gain ratio differs from this value the mode 1 predicts that 

the time course of mean slow-phase eye veloc.ity will deviate considerably from 

that of cupula position. An evaluation of the effect of variation in the gain ratio 

on the response of the model is one of the significant features of the ana Iysis 

described in the next two sections. 

A brief note concerning the actual value of the critical gain ratio is 

in order. In the idea 1 case considered here, in which the saccadic pathway carries 

a train of ideal impulses, the value K1/K2 ~ lIT yields slow-phase eye velocity 

very nearly proportional to cupula deflection. However in a real system in which 

finite-width pulses occur, the unattenuated saccadic pathway output wouL-:l be 



74 a 
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Fig. 5-6 MODEl RESPONSE TO STEP CHANGE IN CUPULA 

POSITION (Tracing of analog computer output) 

Impu Ises in the ve loc i ty trace are not shown in the ir 
entirety, but their locatio~'and direction are indicated. 

Model parameters: Kl = K
2 

= 1.0; T = 0.2 sec.; T
3 

= 1.0 sec. 
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relatively smaller. Hence the critical gain ratio would be smaller also, although 

sti Il proportiona 1 to liT. 

5.2.3 Response to a Step Change in Head Velocity 

The model response to this input, the classic stopping stimulus, was 

considered by Sugie and Jones (1966) but these authors investigated the saccadic 

response by ana log computer simu lation on Iy. An ana Iytic expression describing the 

response is derived here, and results in better understanding of the nature of the 

response and its variations. In particular it wi Il be shown below that variations 

in the gain ratio K l/K2 mey be the cause of certain Experimenta lIy observed 

deviations from the single exponentia 1 decay of slow-phase eye velocity which has 

come to be expected. 

To simplify ana Iysis it is assumed that the short time constant of the 

semicircular canal is 50 short as to have a negligible effect. Thus the variation in 

cupula position following application of the step velocity input mey be approximated 

by 
= e -t/Tl 

-ct = e 

where Tl = l/c is the long time constant of the canals. It then Emerges that the 

output of the continuous pathway is 

y l (t) 
Kl 

= 
-ct -et 

--- {e - e ),.,. .. tI .................. Eq. 5. 6 
a-c 

y l (t) Kl 
= ( -et . -ct) 

ae - ce .............. . Eq. 5.7 
a - c 

The output of the saccadic pathway is obtained in the seme way as in the preceding 

section and is found to be 

K
aT 

2e 

aT cT 
e - e 

-e(t-nT) -cnT -enT 
e (e - e ) ......... Eq. 5.8 
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y 2,s (t) = 
aT . cT 

e -e 
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-o(t-nT)( -cnT_ -onT) E 5 9 e e e ...... q. • 

The position outputs Y1 and Y2 obtained by analog computer 

simulation, are shown in Fig. 5-7 for the parameter values K
1 

= K
2 

= 1.0, 
-1 -1 

c = 1/T l = O. 1 sec , a = 1/T 3 = 1.0 sec , T = 0.2 sec. This figure corresponds, 

for the head velocity step input/to Fig. 5-5 for the cupula position step input. 

It is clear from the figure,and from Equations 5.6 and 5.8,that the overall time 

course of saccadic pathway position output and the time course of continuous 

pathway position output are both described by the scaled algebraic sum of the 

same two decaying exponentials. The time constants are of course Tl = 1/c, 
and T 3 = lia. 

The two position waveforms para lIel each other, since the amplitudes 

of the two pertinent exponentials have the same ratio. Thus it may immediately 

be predicted that at sorne critical value of the gain ratio K1/K2, the combined 

position output (GE-eH) = Y2 - YJ will not show any appreciable overall deviation, 

but wi Il consist of a nystagmoid motion about a steady position wh ich is near 

zero. 

The velocity outputs of continuous and saccadic pathways are also 

described by the same two exponentia Is, Tl and T 3. However, in this case· the 

exponential terms have a ~ifferent magnitude ratio in the expression for >-1 (Eq. 5.7) 

than in the expression for y 2)Eq. 5.9). It is therefore readi Iy apparent that, 

depending on the gain ratio KJ/K2' the relative dominance of one or other 

exponentia 1 term may vary widely. 

ln Fig. 5.8 the effect of varying the gain ratio K1/K2 on the pre­

dicted eye velocity (combined output) is illustrated. Here the velocity outputs, 

y 1 and y 2,s of continuous and saccadic .pathw~ys respectively, and the fina 1 

predicted slow-phase eye velocity (GE,s - G
H

) are shown for three different 

values of the gain ratio, namely 1/T, 2/T, and 1/2T. When the gain ratio is 

liT (Fig. 5-8(a)) peak slow-phase eye velocity (combined output) follows a time 
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Fig. 5-7 RESPONSES OF CONTINUOUS AND SACCADIC PATHWAYS 

OF THE SUGIE-JONES MODEl TO A STEP CHANGE IN 

HEAD VElOCITY 

Mode 1 parameters: K
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= K
2 

= 1.0; T = 0.2 sec.; T3 = 1.0 sec. 

Cana 1 parameters: Tl = 10.0 sec.; T 2 = 0; a = Tl· 
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Fig. 5-8 MODEL RESPONSES TO STEP CHANGE IN HEAD VELOCITY 

FOR VARIOUS VALUES OF THE RELATIVE GAIN (K1/K2). e Modelparameters: T=O.2sec.; T3 =1.Osec. 

Cana 1 parameters: Tl = 10 sec.; T 2 = 0; a = Tl 

(Saccadic velocity pulses are omitted for clarity) 
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course which is very nearly that of a single exponential with a time constant 

of 1/b = Tl. Mean slow-phase eye velocity clearly must have a similar time 

course. In Fig. 5-8(b) the gain ratio is made greater than 1/f by increasing the 

continuous pathway gain (K
1
). As aresult the time course of slow-phase eye . . 

velocity (QE,s - Q~ shows a rapid initial decline but later declines more 

slowly, at the same rate as the cupula decline. Reducing the gain ratio (Fig. 5-8(c» 

has essentially the opposite effect; slow-phose eye velocity, the combined output, 

shows an initial rise before a final slow decay which again parallells cupula 

decay. 

Any one of these three forms of response to the c lassic stopping 

stimulus or head velocity step input mey be observed experimentally in the 

vestibulo-ocular system. The model attributes these response variations to 

variations in the ove ra Il amplitude of saccadic flicks, though variations in 

saccade frequency may be expected to have simi lar effects. It is of course 

we Il known that such variations in saccadic activity do occur in different 

states of arousa 1 and from other causes (Guedry 1 1965). 

5.2.4 Response to Sinusoidal Inputs 

Sugie and Jones (1966) have considered the response of the mode 1 to 

sinusoidal inputs at various frequencies, and have shown analytically that for 

a particular value of the gain ratio K
1
/K

2
, the smoothed waveform of mean 

slow-phase eye velocity has amplitude and phase characteristics simi lar to those 

of the cupula response except at high input frequencies. The critica 1 va lue. of 
• 

the gain ratio is again 1/f . 

The method of ana Iysis used here is slightly different, and emphasis is 

place::! on conditions in which the frequency characteristics of smoothed slow-phase 

eye velocity differ from those of the canal signal. In addition the effect of input 

frequency on the nature of the smoothed waveform of eye p-osition has been examined. 

Consider first the response of the saccadic pathway to a sinusoidal input. 

If the cana 1 signa 1 is 

Q (t) = sin (c.tt) 
C 
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then From Equation 5.2 

n 

Y2(nT) = K2 r 
. k=l 

-0 (n T -kT). (k T) e sm Ca) • 

This expression can be summedas before if the sine function is first expressed in 

terms of imaginary exponentials, and yields 

• -0 T • -0 (n T + T) • ( .. ) 
( T) 

- K sm(nCa)T) - e sm(Ca)T+nT) + e Sin Ca)T 
Y 2 n - 2 -01 -2ât . 

1 - 2 e . cos (Ca) T) + e 

Ignoring the fin a 1 transient term in the numerator, the steady-state response 

is found to be 

Y2(nT) ss 

where 

= 
K

2 -----=:,...-------=-=--:-""7: sin (nCa) T +0) , •••••• Eq. 5. 10 
(1 - 2 e -aT cos(Ca)T) + e -2aT) 1/2 

-1 sin (Ca)T) 
a = tan ---....:.-....:.--a ... T~ 

cos (Ca) T) - e 

From this expression the position and slow-phase velocity during the (n)thsampling 

in te rva1 are obtained From Equations 5.2 and 5.5. 

Typical steady state responses of the model, obtained on an analog 

computer, are shown in Fig. 5-9(a) and 5-9(b). In each case the upper two 

curves represent head velocity and predicted eye velocity, whilethe lower curve 

represents predicted eye position. The gain ratio Kl/K2 is equal to lIT in each 

case. Since the curves were obtained on an ana log computer, it was necessary to 

use pulses of finite width, instead of impulses, in the sampler output. The necessary· 

adjustment of the gain of the saccadic pathway, to make its output magnitude 

equal to the magnitude predicted for the ideal case of impulse sampling, was 

made before adjusting the gain ratio Kl/K2. The succession of dots or line 

segments seen in each velocity record are the tops of pulses which result From 

the differentiation. 

It is desired now to construct a frequency response plot re lating steady­

stateamplitude and phase of eye position and eye velocity to head velocity for 

sinusoidal inputs. This is notstraightforward, since the output of the saccadic 

pathway is not sinusoidal. It is possible in principle to .expand the output in 
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Fig. 5-9 MODEl RESPONSES TO SINUSOIDAl CHANGES IN 
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Saccadic velocity pulses, of finite width, appear in this analog 
computer simulation. The effect of finite pulse width was taken 
into account in calculating the effective gain ratio. 
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a Fourier series with a period equa 1 to the exciting sinusoid, and take the 

fundamenta 1 component of th is series as representing the best fit to the output 

in a least squares sense. However in the genera 1 case the inpuf frequency and 

the sampling frequency are not commensurable, so that a general expression for 

the fundamental Fourier component cannot be obtained in closed forme In this 

ana Iysis therefore, an appl'oximate method is used to obtain continuous sinusoids 

which are representative of changes in eye position and slow-phase eye velocity 

due to the saccadic pathway during a sinusoida 1 input cycle. 

Consider the steady state position output of the saccadic pathway in 

response to a sinusoida lIy varying cupu la angle 

( T) 
-a (t-n T) 

Y2 n sse , n T ~ t < (n T + T) , n = l, 2, 3 .•... 

The mean value of the output during the (n)th sampling interval is 

1 -at - e 

aT 
Y2{n T) ••••••••••••• Eq. 5. 11 

ss = 

The output Y2(t) has this value at time t = nT + t , where 
ss m 

1 1 - e -aT 
tm = -0 loge( aT ) 

Clearly in successive intervals the mean value is proportional to the output 

immediate Iy after the preceding sampling instant, and occurs at a fixed time after 

that instant. Thus a continuous sinusoid can be constructed which passes through 

the points in successive intervals at which Y2(t) is equal to the corresponding 
ss 

mean value. Such a sinusoid, to be called x
2

{t), would have an amplitude given 

by Equation 5. 11, but wou Id be de layed by t seconds. Thus 
m 

K (1 - e -oT) 

x2{t) = ~T -2aT 1/2 sin {wt + ~), ....... Eq. 5.12 
aT (1 - 2e cos{wT) + e ) . 



where 
-1 sin'c.lT) \ ~ = tan {--~\;---~., . aT 

cos (c.l T) - e 
- c.lt • 

m 
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This function appears to be a good approximation to the sinusoid which is the 

best fit, in a least-squares sense, to the eye position output y 2{t). It wi Il 

be taken as an approximate expression of the effective frequency characteristics 

of the position output of the saccadic pathway. 

A simi lar expression can be derived to represent, in the same sense, the 

slow- phase velocity output of the saccadic pathway. This function will be 

called v 2{t), and is found to be 

v
2

{t) = -a x
2

{t). 

Using these expressions, the effective eye position output and slow-phase 

velocity output of the combined continuous and saccadic pathways can be found. 

These are called xE{t) and vE{t) respectively, and their frequenc}'-domain 

relationships to the head motion input are obtained as follows. Since the expression 

for x
2

{t) in Eq. 5.12 is obtained by assuming that the cupula angle is a unit 

sine function, 

Q C (t) = .sinc.lt, 

it is evident that the amplitude and phase in Eq. 5.12 describe the frequency­

doma in re lationsh ip between x
2

{t) and Q (t). The re lationsh ip may be expressed 
C . 

in the form of a transfer function 

= F(jc.l) 

= B(c.l) exp;~~ (c.l~ 

where B(c.l) and ~(c.l) are respectively the amplitude and phase of x
2

(t) in Eq. 5.12. 

The relationship between smoothed eye position x and head position Q may 
E H 

now be expressed 
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xe 
jLlHç<iLl) [F(jLl) - KI.GO Ll) ] a (jCa) = 

H 

= A (Ca)) exp [ j~x(LI)J x 
where 

Qe 
He (j Ca) (jCa) ) = -. 

QH 
is the transfer function of the semicircular cana Is , and KI. G(i~) is the transfer 

function of the filter F
2 

in the continuous pathway (Fig. 5-4). Similarly the 

relationship between effective slow-phase eye velo~ity and head velocity is 

found to be 
vE 
-;- (jCa)) = He (j Ca) ) [-a . F (j c., ) -

QH 
A)LI) exp [j~),,)] = 

The amplitude ratio A and phase ~ describing the steady state 
v v 

relationships between mean slow-phase eye velocity and sinusoidal head velocity 

are plotted in Fig. 5.10 (a ,b) for severa 1 values of the gain K
2 

of the saccadic 

pathway. Gain of the continuous pathway, ~r is kept at unity throughout. 

Other mode 1 parameters are a = lIT 3 = 1.0 sec , T = 0.2 sec. The long time 

constant of the canal is taken to be 10 seconds, and the short time constant 

0.005 sec, the effects of the latter being negligible in the frequency range 

illustrated. It should be noted that for convenience the gain of the semicircular 

canals in the velocity transducing mode was made equal to one. The curves 

shown were plotted on the basis of values ca Iculated on a digital computer (IBM 

360/50) from the equations described above. 

It wi Il be noted From Fig. 5 .10tha"t wh en the saccadic pathway is 

inClctive (K
2 

= O),slow-phase velocity response shows marked attenuation and 

phase advance at low frequencies. A sma Il contribution by the saccadic pathway 

(K 2 = 0.01) results in major differences in phase and amplitude at the lowest 

frequencies shown. As K
2 

increases there is a further increase in amplitude and 

decrease in phase advance atlow frequencies, until when K
2 

becomes equal to 
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the magnitude of the sampling interval, i.e. about 0.2 sec., the variation of 

amplitude and phase with frequency are very similar to the variations appearing 

in the semicircular canal response. The asymptotes of the canal amplitude-fre­

quency response are shown as dotted straight Iines for comparison. Fina lIy when 

K
2 

exceeds 0.2, response amplitude in the intermediate frequency range rises 

above the amplitude of the cupula signal,while phase lag appears at the higher 

frequencies. 

ln Fig. 5-11 the amplitude ratio A and the phase ~ relating 
x x 

effective eye l)osition to head position for sinusoidal inputs are plotted as 

functions of the input frequency. These curves were obtained in the $Ome way 

as those of Fig. 5-10 and with the same model parameters. Again the effects 

of variation of the relative gain (through manipulation of K ) are very striking. 
2 

ln this case the shape of the amplitude-ratio and phase curves changes very 

rapidly when the magnitude of K
2 

is in the neighbourhood of T. When K
2 

= T 

there is very pronounced attenuation at low frequencies and marked phase advance 

at a Il frequencies considered. As K
2 

is increased or decreased, the amplitude­

ratio curves change very rapidly and become in each case similar to the curves 

expected From an overdamped second-order Iinear system, at least at the lower 

frequencies. Phase-frequency curves tend towarœ a corresponding sigmoid 

shape. 

The response of the model to high frequency sinusoidal inputs is some­

what anomalous. At frequencies greater than about half the $Ompling frequency, 

the $Occadic pathway output shows the effect of beats between the $Ompling 

frequency and the sinusoida 1 excitation frequency. Such beats occur at a Il 

frequencies, but their amplitude is inconsiderable at lower input frequencies. In 

·the high frequency range the contribution of the lower beat frequency is particularly 

striking in ana log computer studies (Fig. 5-12)' It has a frequency equa 1 to the 

difference between excitation frequency and sampling frequency, and produces 

slow· response variations which may be of large amplitude. 

It is not clear to what extent this type of response occurs in the ex­

perimenta 1 situation. There appear to have been few studies of vestibulo-ocular 

,. 
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Fig. 5-11(a) MODEl FREQUENCY RESPONSEj POSITION GAIN vs. FREQUENCY 

Ax = the amplitude ratio of the sinusoid describing overall ("smoothed") 

eye position and the sinusoid of head position. Model parameters; 

T - 0.2 sec.j Tl = 10 sec.; T2 = 0.005 sec.; T3 = 1.0 sec.; Cl = Tl; 

K1 = 1.0, K2 varied. . 
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Fig.5-12 IANOMAlOUS" RESPONSE OF THE MODEl TO HIGH 

FREQUENCY SINuSOIDAl INPUT. 

Input frequency in this case is slightly less than the sampling 

frequency, resulting in high-amplitude beat. 

Model parameters: TI = 0.2 sec., T3 = 0.1 sec., Kl/K2 = liT. 
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response at su ch high frequencies, and perhaps the investigator would in any 

case tend to reject records showing such wandering eye movements, attributing 

them to drift in the recording apparatus or to some extraneous input to the system. 

However, in the pigeon vestibu lo-ocu lar responses observed br the author (see 

Section 12.3.2) there seems to be a tendency for the frequency of saccades to 

drop far below the usual !evel when the excitation frequency reaches this range. 

From a functiona 1 point of view such behavi our is more appropriate, since 

(1) performance of the continuous pathway by itself . is quite adequate at these 

frequencies, and (2) the required variation in eye position at these frequencies 

is usa lIy sma Il, so that eye-centering saccades are unnecessary •. However such 

reduction in saccade frequency under particular input conditions clearly indicates 

the existence of a rather flexible saccade-generation mechanism, perhaps in­

volving some threshold device as a trigger. 

5.3 DISCUSSION 

The work of Sugie and Jones led to the hypothesis that there exists 

in the vestibulo-ocular system a low-pass fi Iter mechanism receivihg both a 

continuous input, closely related to the canal signal, and also a discontinuous 

input (pulse train) responsible for saccades. The validity of this primary hypothesis 

and the general nature of the fi Iter mechanism, are weil established by the work 

of these authors, and are further confirmed by studies of the pigeon vestibu 10-

ocular response described below in Chapter 12. 

Sugie and Jones made a secondary preliminary hypothesis that the saccade­

generation mechanism producing the postulated pulse input to the filter could be 

approximated by an ideal, fixed-frequency sampling device operating upon the 

cupula signa 1. As these authors point out, there are reasons for questioning the 

adequacy of this latter hypothesis, since it fai Is to explain some fairly consistent 

tendencies for variation in the intersaccadic interval. Nevertheless it seems likely 

that in many cases it provides a reasonably good approximation to the real situati01 

in a general sense. Moreover, as demonstrated by the results of this chapter, 



ana Iysis of the model system incorporating this regular-sampling hypothesis 

of saccade-generation yields considerable" insight into the significance of the 

basic dual-pathway model. 
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A major functional conclusion which de rives directly from experimental 

findings of Sugie and Jones and which is intimately related to the primary hypo­

thesis, is that each saccade has a significant effect on the velocity during sub­

sequent slow-phase intervals. Thus the occurrence of saccades is important 

in determining the accuracy of slow-phase compensation, and is not simply 

a re-positioning mechanism,as has so often been assumed. The potential magnitude 

of the contribution made by the saccadic pathway to slow-phase velocity com­

pensation is powerfully emphasized wh en the secondary, saccade-generation 

hypothesis is incorporated and the system response is examined. It is evident 

from the analysis of Sugie and Jones and the further analysis of this chapter 

tha.tunder specified conditions, i.e. Kl/K2 = I/T, the time course of slow-

phase eye velocity can be made to follow the cupula signal very closely indeed, 

for a wide variety of input waveforms. This means that the poor qua lit y of 

integration resulting from the low-pass filter mechanism when the continuous 

pathway a lone is operating can be made, effectively, a Imost perfect through 

simultaneous operation of the saccadic pathway. The fact that overall eye 

deviation is simultaneously made very small is obviously also a good result 

physiologica Ily. 

This good result however only obtains when the input frequency is 

appreciably less than the sampling frequency. If the latter were increased while 

other system parameters rema ined the same," it is c lear that good performance in 

the sense considered here would extend to higher stimulus frequencies. Nature 

however has not taken th is course, perhaps because of the energy cost of making 

more frequent saccades, or because perception felils if the slow-phase interval 

is too short. An alternative solution appears to have been chosen, namely 

to utilize a more flexible saccade generation mechanism which adjusts inter­

saccadic intervals to suit the input. Thus it is experimentally observed that 

frequency decreases during sinusoidal inputs at frequencies above about one 

cycle per second, as noted above • 
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From the biological point of view there is another flaw associated with 

the regular sampling scheme, and this comes to light as a result of analysis of . . 
the variation in overa Il eye deviation such as that of the curves y 2 - Y 1 in 

Fig. 5-8. The ratio of overall eye deviation amplitude to head position 

amplitude is very small when K1/K2 = liT, and this is clearly desireable. 

However over most of the frequency range considered, the smoothed eye position 

magnitude increases rapidly when the gain ratio (K1/K2) is varied slightly. 

This feature is emphasized in Fig. 5-13 in which for several input frequencies 

the amplitude ratio A)w) is plotted as a function of K
2

,K
1 

being kept 

constant. Such a steep approach to the optima 1 condition is un likely to be 

satisfactory in the usua 1 biologica 1 system since minor parameter variations due 

to extraneous influences cou Id then seriously disrupt system performance. In 

this system, variations in the ve locity amplitude ratio A (w) with changes in 
v 

the gain ratio are a Iso significant, though not quite as pronounced. It is 

reasonable to speculate that this steep approach to what is apparently the optimal 

operating condition for the regular-sampling model is in part the reason why 

nature has not made use of this simple and elegant mechanism. 

An important unanswered question remaining is whether or not the 

regular sampling model may be useful as an approximation to the real system at 

frequencies be low say 2 radians per second. Further experimenta 1 study is re­

quired before this point can be clarified,but there is some evidence to suggest that 

the answer may be in the affirmative. Experimental. records of vestibulo-ocular 

response to low frequency sinusoidal inputs show amplitude and frequency moJ­

u lation of the saccades, with the same period as the input and usua Ily in phase 

with each other. Frequency variation is often most noticable during the portion 

of the cyc le when saccade amplitude is minima l, the latter tending to saturate 

if the input amplitude is sufficiently great. Corresponding observations may be 

made in most recorded responses to step changes in head velocity. Since the 

response of a low-pass filter to a frequency-modulated or amplitude-modulated 

pulse input is somewhat simi lar if there are many pulses per cycle, it would not 

be surprising to find the regular-sampling, amplitude-modulation model was 
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adequate in relatively undemanding applications. 

Assuming the argument to be valid, two additional results of the present 

ana Iysis become of considerable interest, name Iy the predicted responses to step 

changes in head velocity, and the frequency response of slow-phase eye velocity 

for large values of the saccadic-pathway gain. Model responses to head velocity 

steps for different values of the relative gain Kl/K2 are shown in Fig. 5-8. 

Three different types of slow-phase ve locity responses occur, corresponding to 

relative gains equal to, greater than or less than llf. As noted earlier, re­

sponses genera"y similar to each of these are observed, experimental/y. A 

response of the th ird type (Fig. 5-8{c» is especia "y interesting since it might 

easi Iy be misinterpreted, after smoothing, as having a basic time course of 

the form 
-tif -tir L S V = A{e - e ) 

T 

It wi" be apparent th is equation has the same form as that describing cupu la 

position under the same conditions (Table 3-1). Thus one might erroneously 

conclude that the short time constant T S was the short time constant of the 

semi-circular canal. 

Simi lar erroneous conclusions might be drawn from frequency response 

analysis, assuming again that results of the present analysis are applicable to 

the real system. It will be noted from Fig. 5-10{a) that when the gain ratio 

K/K2 is less than lIT, the amplitude ratio Av (i.e. -effective slow-phase 

eye ve locity) approximates that of an overdamped second order system for 

frequencies below 2 rad/sec. Phase-frequen~y curves (Fig. 5-10{b) show a 

corresponding tendency. These frequency characteristics are very simi lar in 

form to those expected from the semi-circular canal and could be fitted rather 

we Il by a transfer function su ch as 

Ks 
= 

(O.ls + l)(s + 1) 

The lower break frequency is of course attributable to the semicircular canal, but 

the upper one is due to the low pass filter of Sugie and Jones. This could be the 
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explanation for the experimental findings of Niven and Hixson (1961) who 

.:J 

obtained by frequency response testing a simi lar transfer function for the 

human vestibulo-ocular system. Mayne (1965) has presented strong functional 

arguments against accepting such large values for the short time constant of 

the semicircular canal in man. 
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CHAPTER 6 

BIOLOGICAL OPTIMIZATION IN THE VESTIBULO-OCULAR SYSTEM* 

6.1 INTRODUCTION 

This chapter describes theoretical studies of optimal saccade strategy 

in the vestibulo-ocular system. The work is the first step in an attempt to gain 

insight into the physiological rationale for the variations in saccade amplitude and 

frequency which occur during normal operation of the vestibulo-ocular system. The 

approach used here is to work backwards from a hypothesis as to the 'goa l'of the 

system and attempt to find the strategy, governing saccade generation, which would 

best satisfy this goal. The analysis is made possible by use of theory recently dev­

eloped for the optimal design of engineering control systems. 

A mathematical model of the vestibulo-ocular system developed by 

Sugie and Jones (l966) has been discussed in detai 1 in the previous chapter. The 

basic feature of this model, and the feature for which there is the best experimental 

confirmation, is that there is sorne mechan ism such that when unforced the eyes 

tend to return exponentia "y to their resting or mid-position. Each saccade is 

interpreted as the result of a brief forcing pulse applied to this centering mechanism. 

It is shown in the previous chapter that ,in cO'lsequence, (i) the velocity of the eyes 

during each slow-phase interval is to a significant extent dependent on the magnitude 

of the preceeding pu Ise, and (i i) the effect of repeated pu Ises (saccades) is cumu lative. 

Clearly therefore the amplitude and temporal placement of saccades for a given 

time course of cupula movement becomes criticàlly important if the system is to 

achieve efficient visual stabilization. 

Sugie and Jones (l966) assumed for simplicity that the frequency of 

saccades could be regarded as essentially constant, with the saccade amplitude 

modulated by the cupula signal. These assumptions form the basis for useful analysis 

of the vestibulo-ocular system (Sugie & Jones, 1966, & above, Chapter 5). However, 

records of actual vestibulo-ocular response show considerable variation from the simple 

*This work was done in collaboration with Mr. U. Wettstein 
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relationships suggested. Indeed, variations appear with sufficient regularity to 

suggest that a more complex strategy is actually involved, although it is not at ail 

clear what the actual strategy might be. 

ln this connection it seems reasonable to assume that during evolution 

or post-nata 1 learning the organism 'discovers' a more or less systematic way of 

triggering saccades which is 'good' in sorne sense. Presumably 'goodness' depends 

on sorne ba lance or 'trade-off' between the energy cost of eye movements and the 

accuracy of tracking in the slow phase. Since the input to the system, the cupular 

signal, is a ve locity signa 1, it seems like Iy that the accuracy of ve locity tracking 

is of major importance. Indeed, from studies of its function, it is clear that the 

system has been highly refined for velocity compensation, presumably by sorne 

adaptive or learn ing pro cess • 

The concepts of learning and adaptation to environment have been 

with the biologist for many years. There is ample evidence for example that the 

structure of a biological organism tends towards a configuration which is optimum 

in sorne sense appropriate to the situation or function required (D'Arcy Thompson, 

1961; Rashevsky, 1960; Rosen, 1967). Optimization in dynamic biologica 1 systems 

has a Iso received increasing attention recently, and there have been a number of 

studies showing how sorne such systems tend automatica l'y to choose an operating 

point such that their performance is optimum (Christie, 1953:, Cotes & Mead, 1960; 

Mead, 1960; Mi Isum, 1966; Mi Isum, 1968;). Of course such studies become 

exceedingly complicated with increasing complexity of th~ systems under consideration. 

However with the continuing and rapid development of theoretical knowledge about 

optimization and adaptive systems, appearing in the literature of engineering and 

applied mathematics, progressively more complèx biological systems become 

amenable to analysis from this point of view. 

ln order to optimize the per~ormance of a system there must be sorne 

procedure for adjusting the parameters controlling system response so as to produce 

optimum performance as judged bya specified "performance criterion". The latter 

is a function of the variables of the system, and may have several components, there 

being then a trade-off between these components in order to reach optima 1 ity. In the 

present system possible components of a biological performance criterion might be the 

energy cost of eye movementS on the one hand, and the accuracy of tracking on the 
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other, as suggested above. Frequently there are in addition known "constraints Il 

on system performance, as for example limitations on the maximum force avai lable, 

or on power consumption. Then the optimum solution is that which maximizes or 

minimizes,as appropria te, the performance criterion, subject to the limitations 

imposed by the constraints. 

ln any tracking system ari important index of system performance is the 

error between actua 1 and desired output, and an objective of design might be to 

minimize sorne 'average or cumu lative measure of the error. Usua lIy it is desirable 

to weight positive and negative errors equally, so that it is necessary to choose as 

a performance criterion an even function of the error, su ch as its absolu-te va lue, or 

sorne even power. The mean square error or integra 1 square error is frequent Iy 

chosen for this purpose, because in addition to the property of weighting,and 

therefore pena lizing, large errors more than sma Il, such a function often makes the 

ana Iysis mu ch simpler. 

ln biological optimization the performance criteria are presumably set 

by evolutionary pressure, and derive from the requirements of survival. The 

optimization processes of evolution and learning presumably operate by trial-and-error, 

and this sorne approach is used to a considerable extent in.engineering applicatIons 

through the medium of high speed computers. The genetic tria l-and-error process 

has been studied quite extensive Iy (Fisher, 1958; Kimura, 1958) and appears to be 

very efficient in comparison with man-made schemes (Justice & Gervinski, 1966), 

particularly when the performance criterion has many components. To the human 

designer an ana Iytica 1 optimization using the methods of ca leu lus is desirable but 

frequently impossible in complex systems. Such is the case in the present study, in . 
which after preliminary analysis it is necessary to resort to trial-and-error. The 

technique of Dynamic Programming (Bellman, 1967), in which the number of 

relevant trials is systematically reduced, has been used in implementation of this 

latter stage. 

6.2 Problem Formulation 

As mentioned above and in Chapter 5, the efficiency of visua 1 stabi 1-

ization by the vestibulo-ocular system depends on the magnitude and occurrence times 

of the saccades. It seems likely therefore that during the biological optimization 
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processes of evolution or learning, or both, some strategy is developed to control 

these saccade parameters so as to achieve optimum performance. Such optimization 

would presumably be directed primarily towards minimizing the velocity of retinal 

image slip during the compensa tory phase of eye movements (the slow phase), so 

as to achieve accurate tracking. Thus a reasonable performance criterion might 

be the mean square value of the velocity error, that is, the mean square velocity 

of retinal image slip. In the present study this performance criterion has been used, 

with a modified version of the Sugie-Jones model of the vestibulo-ocular system, 

'to determine both the magnitude and the temporal placement of saccades required 

to produce optimum response. 

The biological optimizati on process involved in this sytem must include 

other more complex components in the performance criterion. For example the 

energy cost of making the saccadic flicks very rapidly is probably high, but this 

cost must be traded off against the reduced slow-phase duration which would occur 

if saccadic velocity were lower. The time required,during the slow phase, for the 

visua 1 system to acquire adequate information from the visuc 1 scene may act as a 

lower constraint on slow-phase duration, whi le force limitation may restrict 

saccadic velocity. It may plausibly be argued however that such factors are likely to 

be effective principally in determining the time course of the quick phases, and 

the overall frequency of saccades, while tracking accuracy is probably the major 

determinant of the amplitudes and occurrence times of saccades. Overa Il saccade 

frequency may readi Iy be constrained in a simulation study to equa 1 the experi­

mentally observed frequency. As for the large anticompensatory velocity of the 

quick phase, it will be noted that while this clearly contributes to the actual 

ve locity error, there is evidence that vision is suppressed during th is phase of eye 

movement (Latour, 1962; Vol/qoonn, 1962; Zuber & Stark, 1966). Hence a measure 

of greater functional and evolutionary significance would be slow-phase retinl'll 

velocity error, excluding consideration of these anti-compensatory pulses. Thus 

it seems reasonable, with overall saccade frequency constrained, to test whether 

minimization of mean-square slow-phase velocity error is adequate to explain 

the observed variations in saccade magnitude and placement. 

These arguments may be summarized in the following hypothesis: 
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Minimization of the mean-square slow-phase velocity error is the major 

factor g~verning the amplitudes and occurrence times of saccades occurring 

in the vestibulo-ocular system; and 

The effect of other possible components in the biological performance 

criterion may be accounted for by imposing a suitable constraint on the 

.overa Il frequency of saccades. 

The hypothesis is to be tested by finding the saccade amplitudes and 

occurence times which minimize the mean square error in the performance of the 

model of Fig. 6-1, which is assumed to be an adequate description of the real 

system. The model shown is that of Sugie and Jones (1966), modified so as to 

elirriinate the direct dependence of the saccadic pathway on the cupular signal 

which is proposed by these authors (c.f. Fig. 5-1, 5-4). In the present formu­

lation the input to the saccadic pathway is shown as a train of impulse functions, 

p(t) 
co = r 
i=l 

composed of impulses having amplitudes Cl' C2,. ...• Ci' ••• , and occurring 

ot times t 1, t2, •••• t i, ••• respectively. The amplitudes and occurrence times 

of these impulses are assumed to be controlled by an unknown saccade-generation 

mechanism, labelled 'SGI in the figure. Dotted lines are drawn to indicate possible 

sources of information upon which a control strategy might be based. For generality 

two separate eye-centering filters have been included here, as justified for Fig. 5-4. 

The hypothesis stated above implies minimization of mean square error 

evaluated over an infinite time interval, whereas in practice any theoretical 

result must be compared with an experimental record of finite length. It is 

convenient therefore to consider only an interval tl~t~T, containing a specified 

number of saccades, N, where t l is the occurrence time of the first saccade, 

and T is the occurrence time of the (N+l)th saccade. The problem of initial­

ization is ci rcumvented in a particu lar case by choosi ng t land T from the 

experimental record under consideration. The number N is set equal to the number 

of saccades observed experimentally in this interval, thus providing the required 
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The component 115. G.II is an undefined Saccade Generation 
Mechanism, whose output is a pulse train. Possible inputs to 
S. G. are shown by dotted li nes. 
The fi Iters F 1 and F 2 are shown with different time constants, 
for generality 
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constraint on the overa Il saccade frequency. 

ln the studies to be described here on Iy sinusoida 1 head ve Jocity inputs 

have been considered, and the sinusoida 1 frequency has been chosen such that the 

phase shift between head velocity and canal signal is negligible. Thus the question 

of whether the relevant error signal is with respect to actual head velocity or 

to canal signal ("perceived" head velocity) is avoided. Some computational 

simplification results, but this interesting question remains to be answered. 

6.3 OPTlMIZATION PROCEDURE 

On the basis of considerations described in Section 5.2.1, the 

output of the saccadic pathway may be expressed as 

CD 

(t) r c -a (t-t.) U (t-t) 
y 2 = i=O i e 1 - 1 i 

where 
-a (t-t.) 

e 1 U_
1
{t-t

i
) 

is the response of the fi/ter F
2 

to an impulse occurring at time 
th 

(i) intersaccadic interva l, 

-a (t-t.) 

t.. Thus during the 
1 

Y2{t) = [Y2{ti) + Ci] el, ti~t<ti+l 
th 

where y 2{t
j
) is the value of y 2 immediately prior to the (i) saccade. 

It is convenient to define 

D. = Y2{t. ) + C. 
1 1- 1 

th 
to represent the magnitude of Y2immediatel~ fo/lowing the (i) saccade, so 

that the output may be represented 

-a (t-t.) 
1 

= D. e 
1 

, t. ~ t < t. l 
1· 1+ , 

i = 0, l, 2, 3, ...... 
The procedure to be outlined yields the optimal sequence {Di } 

{
Ci }may be calculated if desired. opt 

.opt 

from wh i ch the 
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Differentiating this last expression yields the velocity output of the 

saccadic pathway, which is 

-a {t-t. ) 
= -a D. e 1 + C. Uo (t-t.), t. ~ t ~ t. 1 

1 1 1 1 1+ , 

i = 0, l, 2, 3, ...... . 

The second term in this expression represents the impulses of velocity which 

correspond to jump discontinuities in the position output. In the real system such 

jumps are of finite duration and correspond to the quick phases. However quick­

phase ve locity is to be ignored here, for reasons outlined in the previous section, 

and hence the impulses in the above expression will be ignored ln calculafing the 

mean-square velocity error. The symbQI. Y2,s(t) will be used to denote slow-phase 

velocity due to the saccadic pathway, i.e., 

y 2,s (t) = -a D. e 
1 

-a {t-t.} 
1 

t. ~ t ~ t.+1 1 l, 

i = 0, 1, 2.,3, ........... 
The slow-phase error velocity, or velocity of retinal image slip, is 

the slow-phase velocity of the eye relative to space, and may be represented as 

dt) = QH(t) + (QE,s(t) - QH{t)) 

= QH(t) + (Y2,s(t) - Y1{t)) 

where QH represents head velocity, (gE,s -. QH) represents slow-phase eye 

velocity relative to head,and y 1 and y 2,s represent the contributions of continuous 

and saccadic pathways respectively to slow- phase eye velocity relative to head. 

ln the optimization to be performed, on Iy a finite segment [t1 ~ T] 

of the time axis is to be considered. Hence minimization of . mean-square error is 

equivalent to minimization of the integral.of the square error, or integral square 

error. The latter wi Il be called the "return", and for the case of N saccades, 

fT!CY be expressed, 
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f
T 2 

e (t) dt 
t
1 

N f t
i+l (QH 

-a (t-t.) 
. )2 r - a D. e 

1 
dt = -Yl 

i=l 
1 

t· 1 

N 
= r Rl (ti , t i+1) •••••• 6.1 

i=l 
. . . . . . Eq. 

This function, to be minimized with respect to the tDiJ and the {ti} , is the sum 

of N integrals, each conta,ining only one of the {Di}. It is therefore possible 

to obtain a general expression for the optimum saccade amplitude D. for the (i)th 
1 

inter-saccadic interval as a function of the limits of that interval. The integral 

square error for the (i)th interva 1 is minimized with respect to D. by differen-
1 

tiating and setting the result equal to zero, 

Let it now be assumed that 

QH (t) = A sin (wt) , 

y 1 (t) = B sin (wt + ~), 

where B and ~ may be found in terms of known mode 1 parameters. Then upon differen­

tiation, integration and solving for D., one obtains an explicit expression for the 
1 . 

optimum saccade amplitude, 



where 

D. 
lopt 

H 

= 

= 
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D. (t., t. l' a, A, B, ~, w) 
1 t 1 1+ op 

H [exp(-a(t
i
+

1 
-t

i
». sin(wt

i
+

1 
+5) -. sin(wti + 5)] 

exp(-2a(ti+1 - ti» - 1 

2 2 ] 1/2 = ~ [A +: -~AB cos(3 .................. Eq. 6. 2 

[ a + w 

= tan -1 (w/a) + tan- 1 ( Bsin~ ) 
A - B cos ~ 

When the optimal saccade amplitu de is known, the minimized integral 

square error for the (i)th interval may be calculated as in Equation 6.1. Thus for 

any given sequence of saccade occurrence times, it is possible to find the optimal 

return for that sequence. The problem remaining is to find the optimal sequence. 

It is convenient now to use the symbol Q(t., t. 1) to denote the return 
1 1+ 

resulting from the (i)th interval after optimizing its saccade amplitude. Thus 

f
t·I+1 

E 2(t) dt 

t. 
Q(t., t. 1) = 

1 1+ 

min 
D. 

1 1 

_ E (t) dt, D. = D. • • • • • • • • f
t
i+1 2 

- t. 1 . lopt 
Eq. 6.3 

1 

Then for any arbitrary sequence of N saccades in the interval [t
1
, t

N
+

1
], the total 

return after optimizing saccade amplitudes is 

and the optimal return, corresponding to the optimal sequence ofoccurrence times, may 

be expressed as, 
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To achieve this minimization using the calculus it would be necessary to differentiate 

the sum in square brackets with respect to each of the {ti}' set the results equal 

to zero, and solve the resulting N simultanaous equations. The equations are complex 

and non-linear, so that some method involving enumeration or iteration is necessciry. 

The technique of Dynamic Programming (Bellman, 1957) has been chosen because it 

leads to a simple computational algorithm. 

Dynamic Programming is a method of systematic enumeration derived from 

a simple property of multistage decision processes, of which the present case is a 

relatively simple example. Bellman (1957) named this property the "Principle of 

Optima lit y" and stated it as follows: 

Il An optima 1 policy has the property that whatever the initial state and 

the initial decision are, the remaining decisions must "constituta an 

optimal policy with respect to the state resu Iting from the first decision." 

To i lIustrate, suppose that a given sequence of saccade occurrence times {t.}, i=l, 
" 1 

2, 3, ... ~ .. "N, is optimal for the interval Et], t
N

+]]. Now consider as the lIinitial 

decision" the occurrence time t N of the (N)fh saccade. This occurrence time is of 

course optimal for the interval[t
N

, t
N

+
1
] since it is the only one possible,and clearly 

the remaining occurrence times (t
1

, t
2

, ..... t
N

_
1
) are optimal for the interval 

[t
1
, t

N
]· " 

From this conclusion one may argue as follows: Suppose that for the case 

of N-l saccades in an interval [t
1

, À], the optimal return FN_1(t
1
, À) were known 

for a Il possible va lues of À in the major inter"ial [t l' t N+ 1]' and that the N-l 

occurrence times (the "optima 1 policy") correspondi ng to each va lue of À were known 

also. Then determination of the optima 1 t N for the N-saccade case would be a simple 

matter, requiring minimization with respect to t N only. Thus the return From the 

N-saccade case,for arbitrary t N' wou Id be 



and the 'optima 1 return 

min 
t N 
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MOfeover the optimal return for the (N-l)-stage case could clearly be derived From 

the general result of the (N-2)-stage case', and so on, reachirg finally the single­

stage case (one saccade in the interva 1 [t l' X] for which it is obvious that 

= Q(t
1

, X) ..•.•••.••.•••.•••••..•.••••••••.• Eq. 6.4 

Thus starting' From this result, and using the recursive equation 

min 
F.(t

1
, X) = t. rQ(t., X) + F. 1(t

1
, tJ] •.•...••••••. Eq. 6.5 IlL 1 1- 1 

the general solutions to the problems of each stage are found successively as functions 

of X, and used in the solution of the succeeding stage problem. 

The fundamental feature of this method therefore lies in the decomposition 

of the more complex problem into a succession of simpler ones. The decomposition is 

possible because of the se If-evident property of the optimal policy which is expressed 

by the Principle of Optimality. It should perhaps be noted that the method has 

immense power and versati lit y , a Ithough its application is sometimes difficu It, as for 

example when the relationship between returnsof successive stages is not simply additive 

as in this case. 

6.4 COMPUTATIO N 

A detai led outline of the steps involved in the computation is given here, 

and may serve to clarify the nature and advantages of the Dynamic Programming apprcx'lch. 

Consider the major interva 1 [t l' TJ,and imagine a single saccade 

occurring at time t
1 

with the corresponding slow-phase ending at som~ arbitrary time t
2

, 

within the major interval. As t
2 

is varied the optimal saccade amplitude Di" and 

the return Q(t
1
,t

2
) may be calculated as functionsof t

2 
from Equations 6.2 and 6.3. 

By Equation 6.4 the return so calculated is the optimal return. 

ln the computer solution the time axis is d ~vided into a suitable number 

of equal increments,and a table of t
2

and the optimal return F
1
(t1, t

2
) is constructed, 
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along with a table of the corresponding optimal saccade amplitudes. This completes 

the first stage. 

ln the second stage,a second saccade is introduced, corresponding to the 

slow-phase interval [t
2

, t
3

] • For an arbitrary value of t
3

, ail possible values 

of t
2 

are considered, and the return Q(t2, t3) due to the second slow-phase interval 

is ca leu lated. The tota 1 2-stcge return is 

R
2

(t
1
,t

3
) = Q(t

1
,t

2
) + Q(t

2
,t

3
) 

and is obtained simply by adding to Q(t
2
,t

3
) the tabulated value of F

1
(t1,t2

) from 

. the previous stage. Thus for a particular value of, t
3

, a list is formed of the return 

R
2

(t l' t 3) as a function of t 2 • Th is list is scanned as it is formed, and the sma 1 lest 

entry is stored as the optimal return for a 2-stage process, 

min 
F
2

(t
1
,t

3
) = t

2 
[Q(t

2
,t

3
) + F

1
(t1,t2

>] 
The procedure is repeated for a Il i ncrementa 1 va lues of t 3 in the i nterva 1 [t 2' t] 

and c new table is formed with the column headings t
3

, F
2

(t
1
,t

3
), t

2 
1 Dl 

opt opt 

and D
2 

. The table entries desc.ribe the optimal return and the optimal policy 

for the ~~!aociade case i n'the i riterva 1 [t l' t 3] . 

Up to this stage no major computational savings are evident, but such 

savingsarevery striking in subsequent stages. By the general recursive relationship 

of Equation 6.5 , it is evident that th~ procedure to be followed in the (i)thstage 

is identical to that followed in the second stage. The number of calculations per 

stage actually decreases slightly in successive stages, since the interval over which . 
t. 1 must be varied gradua lIy shrinks. 
1+ 

The digital computer program used to perform these computations was 

written in Fortran and executed on the IBM 7044 installation at McGi Il University. 
, . 

Ali programming for this study was done by Mr. Wettstein. 
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6.5 RESULTS 

Studies were made of a record of cat eye movement in response to 

sinusoidal rotational oscillation of head and body at 0.2 cycles per second. The 

record, from an experiment performed by Mr. H. Zuckerman in' this laboratory, 

was obtoined from a conscious cat restrained by means of a steel wire passed through 

holes drilled in the canine teeth, the drilling having been performed previously under 

anaesthesia. Ey.e movement was recorded by the method of DC electro - oculography •. 

The experiment was performed in tota.1 darkness to eliminate interference from the 

visual tracking reflex. 

A continuous major segment from the experimental record was divided 

into minor segments each containing four saccades with the corresponding slow-phase 

intervals. Data from each minor segment werefirstfitted to' the Sugie-Jones model 

by the m.ethod of least squares, in order to determine the basic system parameters. 

It should be noted that an iterative modification of the usual linear least squares 

fitting procedure was necessary to determine the value of the time constant T 4 of 

the saccadi c pathway, a va 1 ue of 0.8 seconds be i ng found to be sat isfactory. The 

output y I(t) of the continuous pathway,emerged from the fitting procedure with 

a phase lag relative to head velocity of around 47
0 

in each case. Canal-induced 

phase advance at this frequency was estimated from the data of Jones and Mi Isum (1966) 

to be 8.1
0

• Thus phase lag attributab le to the fi Iter F 2 was 55
0

, correspondi ng to 

a time constant T 3 = 1.1 sec. Thus the va lues of the fi Iter time constants (T 3= 1.1 sec, 

T 4=0.8 sec .)which emerged from the fitting procedure,were both very close to the 

value of 1.0sec. obtairied by Sugie and Jones (1966). Fig. 6-2 (a to d) shows four 

consecutive segments of the original record with four saccades per segment. The 

squares .indicate the original data, and the solid line represents the best least-

squares fit to the slow phase segments. The fit is quite good and increases one1s 

confidence in the model of Sugie and Jones, since they did not test it by this means. 

ln Fig. 6-3 (a to d) the same four minor segments of the experimental 

record are shown as solid lines, and the optimum response for the respective segment as 

determined by the ~ynamic Programming approach is shown in each case as a dashed 

line. Mode 1 parameters were obtained from the fitting described above, and the 
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A 

B 
• 

c 

D JI· 
Fig. 6-2 CURVES FITTED TO RECORDS OF CAT VESTIBULO-OCULAR RESPONSE 

Records are consecutive segments of the response of a cat, in darkness, to sinusoidal 

head and body rotation at 0.2 Hz. Squares indicate points taken from the original 

records; solid lines were fitted by least squares iteration to find the system parameters. 
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Fig. 6-3 ACTUAL vs. OPTIMUM RESPONSES OF CAT VESTI BULO-OCULAR 

SYSTEM. 

Solid lines - actual cat eye movement, the four segments being recorded consecutivelYi 

Dotted lines - required eye velocity (equal to head velocity but opposite in sign); 

Dashed lines - simulated optimum system response: saccade amplitudes and occurrence 

times determined such that mean square velocity of image slip in the slow-phases is 

minimized. 
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optimum placement and amplitude of the four saccades were found for each segment. 

ln the first two segments (Fig. 6.3 (a) and 6.3 (b» the experimentally observed 

response is remarkable simi lar to the optimum response, both as regards the timing 

of saccades and the time course of eye movement during the slow phases. There is 

of course a discrepancy at the time of each saccade ,si nce the si mu lated res?onse 

gives instantaneous saccades. The fourth se9ment shows sli9htly greater discrep -

encies and thE' third seems to be the worst. This last one is of considerable interest 

however. Considering the second slow-phase interval, which is long and concave 

upwards, it appears that in the actual response this interval was allowed to continue 

past the time when a saccade Il shoul'd" have occurred. There follows a short 

interval and a small saccade, which one is at first tempted to cali abortive. However, 

in comparing actual response with the opl'imum,it appears plausible that this short 

interval and the ensuing small saccade are together correcting for theerror resulting 

from the excessively long duration of the second slovrphase interval. 

6.6 DISCUSSION 

It may be conc luded that in spite of sorne discrepancies the actua 1 

response of the vestiburo-ocular system is surprisingly simi lar to the optimum response 

of the Sugie-Jones model under the conditions here studied, optimality being based 

on the mean-square velocity-error criterion chosen rather arbitrari Iy as described 

above. The result tends at the same time to validate the model and the choice of 

. performance criterion. There can be little doubt that a performance criterion which 

is sorne even function of the velocity error,or,some estimate of it,is a critical 

factor in determining the performance of the system, although other factors are 

certainly involved. 

It must be emphasised that it is not intended to suggest that the optimi-. 

zation procedure used here to obtai n the optimum simu lated response has any re lation 

whatsoever to the biological optimization process involved in the real situation. 

Rather it is simply noted that the actual response in thecircumstances de&cribed 

follows very close Iy the absolute optimum response. 
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It is interesting to consider how the biological organism might achieve 

such efficienf performance. The two basic alternatives are (1) that there is "on-line" 

adaptive optimization throughout the course of normal eye movements,and (2) that the 
. . 
processes of evolution and/or post-natal learning result in the development of a 

basic control strategy which is then bui It into the reflex mechanism and ensures nearly 

optimum response during most of the conditions met. with in everyday life of the 

organism. 

On-line optimization would have to be based on a continuous flow of 

information as to the motion of the eyes. This presents no problem in princip le, even 

if there were no real motion signal from eye muscles or other orbital structures, since 

an eye motion signal could presumably be computed with a fair degree of a~curacy. 

ln this regard Robinson has shown (1964) that the ocular globe is very heavily 

damped so that movement of the eye in response to extra-ocular muscle activity 

is not affected by mechanical loading unless this is very severe. It is hard to 

imagine any physiological situation in which the eye would be subject to any more 

than very Iight mechanical loading, so that eye motion should be easi Iy defineable 

in terms of the neura 1 signa 1 to the eye musc les. 

Sorne sort of predictive mechanism wou Id be an advantage in achieving 

on-line optimization. It is weil known (Young, 1962; Michael & Jones, 1966) that 

such prediction occurs in the visual tracking system and there are. reasons for 

assuming that it occurs in thé vestibulo-ocular system also, a.lthough this would be 

more difficult to demonstrate. The procedure described here for finding the optimum 

response of the vestibulo-ocular system to_ a given input may prove to be a useful 

approach to the question of prediction in this system. 

The idea that a suitable control strategy governing saccade generation 

develops through evolution or learning is also attractive. Because of the normal 

) headand eye movements of everyday life,there is ample opportunity for one or both 

of th ose two very' efficient adaptive mechanisms, namely thegenetic processs and/or 

post-natal learning, to sort out a suitable strategy. Under these conditions a more 

or less direct estimate of error in the vestibular signal to the eye muscles is avai lable 

through vision and the visual tracking system, the latter being required to correct for 

1 
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the error remaining after vestibular compensation reaches its limit. The evolutionary 

rather than post-natal development of an optimum strategy would be difficult to 

prove or disprove, especially since the vestibulo-ocular system appears to be 

phylogeneticallya very old system. On the other hand it would be most interesting 

to investigate the development of good vestibulo-ocular compensation during 

post-natal growth and development, although it might be difficult to distinguish 

the development of a control strategy from the development of a coordinated 

motor system. 

These two major alternatives, on-line optimization and an optimal 

strategy, are of course not mutually exclusive. Rather they would probably be 

mutually dependent. In either case it 00 uld clearly be advantageous to the 

organism if the optimum condition, thought of as the minimum point on a multi­

dimensional surface, were contained not in a steep-sided valley but in a shallow 

depression. In this way system performance would be affected relatively little 

by variations from the optimum strategy and by variations in system parameters, 

a particularly desirable characteristic in a biological system, in which such 

variations are probab Iy common. The methods described here make it possible 

to investigate these possibi lities, although no such analysis has yet been pursued 

in detai 1. 

The problem posed in the first paragraph of this chapter was to gain 

understanding about the rationale for variations in saccade placement and amplitude, 

and in particular the strategy governing such variations. The rationale seems 

apparent,since variations such as those normallyseen,mustoccur to achieve optimum 

performance. More detailed studies, taking into account other possible performance 

criteria, may be expected to lead to even better definition of these variations. The 

mechanism or strategy governi ng these variations remains a mystery. 
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PART III 

EXPERIMENTAL INVESTIGATION OF SOME ASPECTS 

OF VESTIBULAR STABILISATION OF THE HEAD 



CHAPTER 7 

VESTIBULAR STABILISATION OF THE HEAD: HISTORICAL, 

ANATOMICAL AND THEORETICAL ASPECTS 

7.1 GENERAL 
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The maintenance and control of the posture of the head must depend 

on a precise interplay of complex neuromuscular mechanis,ms involving sensory 

information from many sources. The major sensory inputs are presumably From 

muscle and joint receptors, from vision, and from the linear and angular 

accelerometers of the inner ear. Everyday experience emphasizes the great 

precision of this postural control and of the control of voluntary head movements. 

However there has been comparatively little investigation of the nature of 

this control, and of the relative significance of the various sensory inputs. It 

is evident that any serious attempt to elucidate the detai Is of this control wi Il 

have to give careful and quantitative consideration to the dynamic properties 

of the contributi ng systems. 

The st.udies described here are related to the contribution of the 

vestibular system to head stabilization and are confined to the investigation of 

stabilization during rotational movement of the body about the vertical axis. 

Before proceeding it is desirable to establish a suitable terminology. The term 

"vestibulo-collic reflex" has come into use in this laboratory to distinguish the 

reflex vestibular control of neck muscle activity and head movement from the 

general class that has been called "cristo-spinal" reflexes by Henricksson, 

Dolowitz and Forssman (1962). The term "Iaterotorsion" used by Henricksson 

et a J. to refer to calorically-induced head deviations about the long axis of 

the body seems less suitable, since it gives no indication of anatomical com­

ponents involved in the system. The more specific term "cristo-collic" may 

in future become more suitable to distinguish rotational from linear reflex 

stabi lization systems. However for the present the term "vestibulo-collic 

reflex" will be retained, as it probably has connotations for a wider audience. 

There are of course dangers in any attempt to isolate a single 

functional compone nt system from a larger complex dynamic system. However, 

certain features of the compone nt system discussed here, i.e. the reflex semi-
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circular canal control of horizontal rotational head movements, make this 

system particularly suitable for isolation in this way. Vision can of course be 

easi Iy exc luded in studyi ng the role of the vestibu lar input, a Ithough the converse 

is not true for the case of head stabi lization. The choice of horizonta I-plane 

rotation also simplifies matters, since the effect of changing orientation with 

respect to the gravitational vector is excluded, while the effect of centrifugai 

force on the otolithic receptors is probably relatively small in this situation 

and can be minimized by keeping the head near the axis of any applied 

rotation of the body. The contribution of reflexes dependent on muscle and 

joint sensation is more difficult tO,eliminate. However, it is probably 

suitable for the present to lump these effects with the passive visco-elastic 

properties of neck structures, as discussed be low. 

The vestibu lo-collic system tends to be re lated to the better 

known vestibulo-ocu lar system because both are important for stabi lization 

of the visual image, the vestibulo-collic reflex apparently being particularly 

important in this respect in the smaller animais. The two reflex systems differ 

fundamentally however, according to the manner in which the sensors, the 

semicircular canals, are utilized in the respective systems. The canals are 

fixed in the head, and h ence detect the output of the vestibulo-collic system. 

Head velocity information is thus fed back to the controlling neural centers, 

providing the potentia lit y for an error-activated mode of operation În which 

the head is continuously driven so as to null the canal signal and thus keep 

the head stationary in space. A number of possible advantages which may 

accrue as a result of this feature are outlined briefly here, and discussed more 

fu lIy in a subsequent theoret i ca 1 section. 

(1) Because it uses the canal in a feedback mode, the vestibulo-collic system 

may be expectedto perform effectively in visual stabilization over a greater 

bandwidth then does the vestibu lo-ocu lar system; (2) ln the mai ntenance of 

head posture, and in head movements resulting from other inputs, the vestibulo­

Clollic reflex would appear to provide what is effectively damping of the head 

relative to space; (3) The active vestibulo-collic system in birds could be the 
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basis of an inertial navigation capability,at least for short intervals. 

Study of this reflex system is complicated by the presence of feedback, 

since there is no simple way of estimating, for example, the magnitude of neck­

muscle torques attributable to the vestibulo-collic mechanism without actually 

disrupting the system, a fact first emphasized by Jones and Mi Isum (1965). The 

occurence of saccades, or head nystagmus, which affect both the sensor and the 

effector mechanisms, results in even greater complication. Moreover, changes 

in arousal, and other phenomena which may produce changes in the gain of 

various components, have dual effects in the vestibulo-collic system. Not only is 

arousal found to affect saccade magnitude and frequency as it does in the vestibulo­

ocular system, but from weil known principles of control the ory it is clear that gain 

changes within the feedback loop may be expected to produce changes in the 

dynamic parameters of the response even in the absence of saccades. 

Thus, while this system, providing horizontal-plane stabilization of 

the head, is probably easier to study than any other component of the overall head 

stabi lization system, it is neverthe less quite complex. Moreover there has been 

very little quantitative investigation of this system. Consequently the approach in 

the present study has been to survey briefly several major aspects of the system 

in the hope of providing a rational basis for more definitive studies in the future. 

The organization of this third major part of the thesis is as follows. 

ln the present chapter a historical review is followed by a detailed consideration 

of the relevant anatomy, and a theoretical examination of the vestibulo-collic 

system. Chapter 8 then describes experimental techniques used, in particular 

the measurement system which was devised for accurate, restraint-free recording 

of head movement in man and birds. Experiments in human and avian subjects, 

designed to test sorne theoretical deductions,are described in Chapters 9 and 10, as 

weil as investigations to assess the basic functional characteristics of the response 

in pigeons. Experiments directed towards assessment of some of the components 

in the vestibulo-collic system in pigeons through study of vestibulo-ocular respcnse 

and of electromyographic activity in neck muscles are described in Chapter Il. 

These studies have yielded some important findings relevant to the problem of 
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saccadic mechanisms in the Sugie-Jones mode 1 (Sugie & Jones, 1966) of the 

vestibulo-ocular system, and have been largely responsible for the theoretical 

studies of the model which are described above in Chapter 6. Chapter 12 

summarizes the theoretica 1 and experimenta 1 findings. 

7.2 HISTORICAL 

Pigeons and other small animais were used extensively in many of 

the earliest experimental investigaticns of the function of the vestibular system 

(Flourens, 1824; Breuer, 1874; Mach, 1875; Stephcini, 1876; Ewa Id, 1887). 

Head movement plays a major role in visual stabilization in these animais, unlike 

the situation in larger species (Ewald, 1887; Bartels, 1931), and thus head 

movement disturbances due to labyrinthectomy or canal section, as weil as per-

and post-rotatory he ad nystagmus have long been well-known phenomena. Flourens 1 

observations,which have been repeated Iy confirmed, c learly demonstrated the 

important influence of the vestibular system on head movements. The vestibular 

contribution topast-rotatoryhead and eye nystagmus was distinguished From optokinetic 

effects by Breuer, who gave a good qualitative description of the time course of 

head nystagmus in the blindfolded pigeon following a period of constant-velocity 

rotation. Brisk nystagmus starts during the rapid deceleration from constant 

velocity, with the slow phase in the lagging or compensatory direction. During 

the nystagmus, the overall position of the head deviates in the lagging direction 

also, and then returns very slowly towards the central position when the nystagmus 

ceases. 

Borries (1920) commented on the remarkable sensitivity of vestibular 

head stabi lization in pigeons, and using a more refi ned operative technique than 

Breuer ,showed conclusively that rotational head nystagmus in the absence of vision 

was abolished by canal plugging,whi le optokinetic responses were unaffected. 

Huizinga (1935, 1936) carried forward this latter aspect and showed that following 

careful canal section, avoiding damage to other structures, locomotor and aerobatic 

ability in pigeons was regained to a remarkable extent, provided thatvision was not 
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excluded. Dunlap and Mowrer (1930) and Mowrer (1934, a,b,c, 1935) were probably 

the first to make objective recordings of pigeon head movement, using cinematographic 

and kymograph ic rnethods. Mowrer was primari Iy i nterested in centra 1 phenomena such 

as habituation, which he studied in detail. However he astutely observed that the 

function of vestibu larly-driven head movements was apparently" to keep the head sti Il 

re lative to space,and noted that the duration of post - rotationa 1 head nystagmus was 

significantly reduced if the rotation wasstopped during active per-rotatory . nystagmus. 

He also investigated (1934c) the remarkable susceptibility of the vestibular head-nystagmus 

r9sponse to variations in "excitement" due to handling and other non-vestibular sensory 

inputs. Huizinga and van der Meulen (1951) using Mowrer's method of recording, 

confirmedmanyof Mowrer's observations concerni ng the ,interaction of visual and 

rotational stimuli in producing he ad movement, and investigated in sorne detail vari­

ations in the waveform of per- and post-rotatory head nystagmus associated with changes 

in arousal. They obtained stable decerebrate pigeon preparations, sorne kept alive 

over one month, and observed that per-and post-rotatory head nystagmus in these 

animais lastedsignificantly longerthan in normal birds, with considerably less individual 

variation. The magnitude of the quick saccadic flicks of the head was generally 

larger after decerebration,so that the overall lagging deviation of the head seen in 

normal animais was almost totally absent. 

There have been few significant investigations of pigeon head movement 

since Huizinga's studies. Schierbeek (1953) repeated much of Huizinga's work, but 

without the advantage of accurate ob jective recordi ng . However he noted a feature 

of the post-rotatory response which has been found repeatedly in the present invest­

igation, namely that the final steady position orthe head sorne minutes after the 

stopping stimulus is frequently sorne distance away from the central position. Schierbeek 

also attempted to estimate pigeon semicircular canalparametersfrom the head-nystagmus 

response using the method of cupulometry. A fundamental error in this approach is 

pointed out in a later section. Aschan, Bergstedt and Stahle (1955) and Stahle (1960) 

made sorne preliminary studies of pigeon head movements associated with constant 

angular accelerations, using a simple electro-optical device to record head movement. 

Several electromyographic studies have been made by van Eyck and colleagues (1949-60) 
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who recorded from electrJdes in the neck muscles during acoustical (Tullio phenomenon) 

and rotational stimulation of the semicircular canal. These workers were principally 

concerned with the latency (1.5msec) between ampullary 'and neck mlJscle action 

potentia Is, and with the angu lar acce leration threshold (1.5 deg/sec
2 

for 1 second). 

There have been fewer studies of vestibu larlY"'driven head movements in 

non-avian species. Recently Suzuki and Cohen (1964), Cohen, Suzuki and Bender 

(1965) have studied the effects of electrical stimulation of individual semicircular 

canal nerves on head movements in cats and monkeys. There were a number of studies 

of the reflex response in repti les and amphibia around the turn of the century 

(Steiner, 1885; Loeb, J907; W.F. Ewald, 1907; Tredelenburg and Kuhn, 1908; W. 

Mulder, 1911). These studies were qualitative and the results were essentially the 

same as those in pigeons, but they may be of some i nterest in future work since 

these and other authors have shown that in snakes, turt les and frogs, the head 

movement response is essentially non-saccadic, a fact which could substantially 

simplify studies aimed at understanding the neura 1 control mechanism involved. 

According to Utsumi, Shindo, Mukai and Yamanaka (1961), Urbantschisch 

(1910) was the first to describe he ad nystagmus in man, induced in this case by pressure . 
on a fistulous lesion in the ear of a patient. There have been numerous similar 

observations. von Bekesy (1935) made a careful study of this phenomenon, obtaining 

a verysensitivephotO"oscillographic recording of head movements in response to 

controlled tone bursts. Fischer and Wodak (1922) made a study of post-rotatory head, 

body, and arm deviations in man, and Wodak (1957) has emphasizedtheclinical importance 

of these "deiterospinal" reflexes. These workers made '~ulJlitative observations only . 

. Head movements were in the lagging direction when they occurred but were not 

particularly striking. TOl'ok (1960) recorded "vestibular latero-pulsion", i.e. lateral 

movements of the trunk in the seated subiect following cessation of constant velocity 

rotation. The body movement was in the same direction as the slow phase of eye 

nystagmus with a slow decay back to the resting position. Average duration of the 

body movement was 27 seconds, or two to three times longer than the duration of 

eye nystagmus. Hinoki and Kitahara (1961), using a strain gauge device to indicate 

the occurence of head movements, noted synchronous head and eye movements in 
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man duri ng rotati on. 

Henricksson, Dolowitz, and Forssman (1962) in a series of papers reported 

studies on so-called "cristo-spinal" reflexes. During caloric stimulation these 

authors noted rotation of the head in the long axis of the body in supine subjects, 

in whom they recorded head movement by differential pressure measurements in 

two balloons supporting the head. Head movement occurred in the direction of 

slow-phase eye nystagmus in normal subjects, reaching a maximum value a short 

time before the termination of the eye nystagmus, and persisting sometimes for os 

long as 10 minutes. They offer no explanation for the long duration of head 

deviation but were irl)pressed with the value of this new test as a clinical tool, sinœ 

in certain pathological conditions there .was a differential effect on the head move­

ment response os compared with the eye movement response to caloric stimulation. 

There have been a few studies of vestibularly-driven head and eye 

movements in newborn animais and humans which are sorne interest os they hint at 

the deve lopmenta 1 sequence in these reflex systems. Barte Is (1910) and Go lebsky (1927) 

observed that whi le optokinetic responses ore absent in the human newborn, there 

ore compensatory head and eye movements in response to rotation. Saccadic flicks 

were absent in very young infants. Windle and Fish (1932) reported that vestibular 

righting reflexes and post-rotational head-turning appear in the cat embryo at 

approximately 55 days, whereas other righting reflexes such as body righting from 

a fiat surface appear later. Fish and W;ndle (1932) and Windle and Fish (1932) 

found that post-rotational head deviation was present in kittens at birth but that 

vestibulo-ocular responses did not appear for several days. However in the newborn 

rabbit, Barany (1918) found vestibularly-driven head and eye movements. 

Reports of subjective and objective findings in human subjects following 

los5 of vestibu lar function are of i nterest in the present context, but ore rather 

difficult to interpret. A particular question which arises in considering the 

vestibulo-collic control system is to what extent disturbing head movements ore normally 

damped out on account of the semicircu lar cana 1 feedback (Section 7.5), and one 

wonders whether in the absence of the vestibular influence head movements may be 

underdamped and hence prone to osci 1 lotion . The early experiments by Flourens, 
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Breuer, Eweld end others (previously cited) seem to suggest thet this mey be the 

cese in pigeons; Eweld in particular emphasizedthe continuous penduler head 

movements which occurred in his lebyrinthectomized birds. However these workers 

used rether crude operetive methods which frequently destroyed the sensory hair 

ce Ils, so that the contribution of irritative symptoms cannot be ru led out. In the 

experiments of Huizinge (1935, 1936),who used cereful canal-plugging techniques, 

there seems to have been little hint of oscillatory symptoms in pigeons, but Money 

and Scott (1962) observed pendular heed movements in cats up to 10 weeks after 

bilateral semicirculer cenel plugging. In human subjects who have lost laby­

rinthine function,"jiggling" of the visual scene appears to be a frequent and 

distressing symptom (Ford and Walsh, 1936; Levin, 1939; Crawford, 1952; Cogen, 1958). 

Cogen describes two petients with e deficit due to streptomycin overdose in which 

apparent vertice 1 osci Ilations of the surroundi ngs were very pronounced, so much so 

that one patient at first found it necessary to hold his head sti Il with his hands in 

order to be able to see. There were no horizontal oscillations. These symptoms 

however were epparent only in the early stages of the emergence of the syndrome 

and could again be conceivably due to irritation. On the other hand, their 

disappeerence cou Id be ettributed to adeptive changes in the neure 1 control structure, 

for exemple augmenting the stabi lizing effects of neck proprioceptive mechanisms . 

7.3 NEURO-ANATOMY OF THE VESTIBULO- COLLIC REFLEX SYSTEM 

Si nce few studies of vestibular connections have been made with the 

vestibulo-collic reflex system specifically in mind, a careful appraisal of available 

informetion is necessary. The problem is made difficult because the centra 1 

distribution of primary vestibular fibers from specific receptors is incompletely 

known,. the best available ove ra 1 1 study being that of Lorente de No (1933a). The 

major conclusions of this study are "not contredicted by recent studies of vestibular 

nuclear unit responses to acceleratory stimuli in which the cells recorded from have 

been precisely localized (Ecke!, 1954; Crampton, ,1965,. 1966; Shimazu & Precht, 1965; 

Jones & Mi Isum 1969). Lorente de No described afferent fibers from the semi-circu lar 

canals entering the superior and mediel vestibuler nuclei end, to a lesser extent, the 

descending vestibular nucleus. The superior and medial nuclei did not receive macular 
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afferents, which were distributed to the descending, and particularly to the lateral, 

vesibular nuclei. Other primary vestibular fibers, whose origin was unidentified 

by Lorente de No, also entered the lateral vestibular nucleus. Eckel (1964), and 

Deunsing and Shaeffer (1958) identified rotation sensitive cells in the lateral 

as weil as other vestibular nuclei. However, Shimazu and Precht (1965),who were 

very critical in their definition of rotation sensitive ce Ils, found that most su ch 

cells lay in the medial and superior vestibular nuclei, with only very few in the 

lateral and descending nuclei. Many, but notall of the cells isolated by the latter 

Quthors were monosynaptically excited by primary vestibular afferents. It would 

appear therefore that the medial and superior vestibular nuclei are of primary 

importance for processing of 'rotational information but that the descending and 

perhaps the lateral nuclei are also involved. 

There is evidence however that only some of these nuclei are involved 

in relaying rotational information to the spinal cord in general and to neck muscles 

in particular. The descending nucleus has few if any connections with the spinal 

cord (Brodai et al., 1962) and the superior nucleus, according to the same authors, 

probably has none. The lateral vestibular nucleus has extensive ipsi lateral connections 

to ail levels of the cord via the vestibulospinal tract (Brodai et al., 1962; Nyberg -

Hansen & Mascitti, 1964). Its fibers end in the medial portion of the ventral horn, 

and make monosynaptic and polysynaptic connections with a- motoneurones( Lund & 

Pompeiano, 1965) and perhaps with "y.-motoneurones also (Pompeiano, 1967). However 

the apparent paucity of rotation sensitive units in the latera 1 vestibu lar nuc leus makes 

one search for another major descending pathway for the vestibular control of 

rotational head movement, particularly in the horizontal plane. The lateral nucleus 

is probably very important in other aspects of head stabi lization, in' which the 

interaction of inputs from li near and angu lar receptors wi Il obvi ous Iy be of great 

significance. 

The medial vestibular nucleus appears to fulfill the requirements, although 

the number of descending fibers appears to be small. The nature of its connections has 

been claT ified in recent carefu 1 studies by two groups of authors. (a) Nyberg- Hansen 

(1964) has shown that of the vestibular nuclear group only the medial vestibular 
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nucleus sends fibers into the descending medial longitudinal fasciculus, and that 

these fibers, which are mostly uncrossed, termincte in the medial portion 

of the ventral horn mainly in the cervical cord, seldom reaching below thoracic 

levels. (b) Wilson, Wylie and Marco (l968a,b) report that while there are more 

cells in the medial nucleus with fibers entering the ascending than the descending 

medial longitudinal fasciculus, the great majority of cells with descending axons 

are excited monosynaptically by primary vestibular afferents, as compared with 

less than half of the cells with ascending axons. Very "little spatial summation 

is required for monosynaptic firing. Almost half of the ce Ils in this nucleus, 

i ne ludi ng some activated monosynaptica IIy, are a Iso activated polysynaptica Ily by 

vestibular afferent fibers. 

The medial vestibular nucleus and descending medial longitudinal 

fasciculus thus provide a direct, lovrthreshold pathway From rotational receptors 

to cervical cord, although the fibers are of small diameter (Nyberg-Hcnsen, 1964) 

and few in number (Nyberg-Hansen, 1964; Wilson et al., 1968a). 

Physiological considerations provide a further basis for arguing that 

the medial vestibular nucleus may be especially important for rotational head 

stabi lization, and particularly for stabi lization in the horizontal plane. This nucleus 

makes extensive connections to the ecu lomotor nue lei and its importance for ocular 

stabi lization seems clearly established. The fact that the requirements for visual 

stabilization in the horizontal plane are especially demanding,ct least in 

terrestrial animais, and the obvious importance of coordinating head and eye 

compensation, suggests that descending fibers from the medial nucleus are in fact 

largely concerned with head movements involved in visual stabilization. 

Other less direct descending vestibular pathways also exist but details of 

these connections have not been weil defined. For example the lateral vestibular nucleus 

receives extensive connections From the fastigial nuclei of the cerebellum and also 

from the cerebellar cortex, especially the anterior vermis, which is know to receive 

primary vestibular afferents (Brodai & Howik, 1965). The medial vestibular nucleus 

receives similor but less extensive connections. Vestibulo-reticulospinal connections 

are another alternative. However these indirect connections appear unsuitable as a 
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primary pathway for reflex control of head movement. 

There have been some findings which suggest the existence of primary 

vestibular afferents descending into the cervical cord without synapsing in any 

nuclear region. Gernandt & Gilman (1959, 1960) recorded potentials in the 

radial nerves in cats in response to electrical stimulation of the labyrinth, and 

found, in addition to a delayed variable wave, an early spike of 2-3 msec. 

latency,whose form was relatively unaffecte.d by anoxia and intravenous 

barbiturate infusion. The early spike was prominent in the contralateral radial 

nerve but also present ipsilaterally. It was unaffected by cutting or stimulating 

the medial longitudinal fasciculus, but the contralateral spike was obliterated by 

a mid-line longitudinal section just below the obex. The early spike was not 

seen in recordings from lumbar ventral roots. These'authors argued that the 

early spike was due to crossed and uncrossed primary vestibular fibers making 

monosynaptic connectiom. with cervica 1 motoneurones,and cited unpublished 

anatomical observations of Rasmussen which seem to agree with their findings. 

Curiously Gernandt and Proler (1965) found a somewhat greater latency (5 msec.) 

in the response of the spinal accessory nerve to vestibular stimulation. 

Brodai et al. (1962) are apparently skeptical of the idea of direct 

primary vestibulospinal eonnections.Howeverit is clear that existing pathways 

are rapidly conducting. Goto, Tokumasu and Cohen (1965), and Cohen (1966) 

recorded neck muscle activation electDmyographically in response to electrical 

stimulation of the contralateral cristae, and observed latencies of 8-10 msec. 

in the cat. Van Eyck (1953) recorded ampullary action potential activityand 

contra latera 1 neck EMG in a pigeon witha Tulliofistu:\a in response to a single 

click stimulus. The latency observed was only 1.5 msec. 

Connections to the spinal cord in avian species have not been studied 

in great detail but there is reason to suppose that the situation is in general similar 

to that inmammals. The avian brain shows considerable interspecies variation 

in gross morphology though probably differences in connections are relatively 

minor (Ariens-Kappers, Huber & Crosby, 1936). The major differences between 

avian andmammalianbrains appear to be the following (Ariens- Kappers et al. 

1936; Romer, 1955): (0) The cerebrum is very small in birds, forming 0 thin 
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shell around the dominant basal gangliai (b) the avian optic tecta, corresponding 

to the superior corpora quadrigemino of mammals, are v~ry la_rge and contain the 

first synapse in the visual pathwaYi (c) the avian cerebellum is small, consisting 

mainly of the phylogenetically-oldervestibular portions, i.e. the vermis, 

flocculus and nodulus. However lateral portions of the cerebellar cortex,which 

tend to be non-folicted, have been shown to be homologous in structure and 

connections to the cerebellar hemisphere ofmammals ( Goodman, Horel & Freeman, 

1964) • 

The avion vestibu lar nuc lear group is comp lex, and descriptions as 

weil as nomenclature vary considerably. The description given here corresponds 

to that of Ariens- Kappers et a 1.1.. 1936). A more recent description is given 

by Stenge li n (1965) but this is concerned large Iy with morphology of the 

nuclear groups rather than with their connections. A tangential vestibular 

nucleus is found in birds Iying in the course of incommg Vlllth nerve fibers, and 

corresponds to the interstitial nucleus (Brodai et aL, 1962) of higher forms, 

though it is somewhat larger. The ventrolateral vestibular nucleus is agreed 

to correspond to the lateral vestibular nucleus (Deiter's) in mammals,and 

sends many fibers into the spinal cord. A large dorsolateral vestibular nucleus 

is described and is thought to be part of Deiter's complex. It is said to receive 

some primary vestibular afferents and to make extensive connections with the 

cerebellum. Descending and superior vestibu lar nuclei in birds appear to 

correspond to nuc lei of the sa me name in mamma Is. The dorsomedia 1 or triangu lar 

nucleus in birds may be related to the medial vestibular nucleus in mammals but 

there appears to be doubt about this since some authors found no primary vest­

ibular fibers entering the dorsomedial group in birds (Ariens-Kappers et al., 1936). 

The question of a primary pathway for the vestibulo-collic reflex cannot 

be answered in detai 1 for birds. Descending fibers in the vestibulospinal tract 

and medial longitudinal fasciculus are described, but the latter are said to derive 

From the dorsolatera 1 nuclei on both sides. Direct primary vestibu lar afferent 

connections with the spinal cord are also reported (Ariens-Kappers et al., 1936) 
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7.4 FUNCTIONAL ANATOMY OF HEAD ROTATION IN MAN AND BIRD 

The mechanics of head rotation are very complicated owing to the 

multiple articulations and muscles involved, and a brief consideration of the 

anatomy is desirable. The emphasis here will ba on functional anatomica 1 

features relating to rotation in the horizontal plane when the body is in a 

normal standing posture. Descriptions of human anatomy are based on the 

standard text by Johnston, Devies ~:md Devies (1958), and avian anatomy is 

described on the basis of an early publication by Shufeldt (1890). The latter 

applies specifically to the raven, which belongs to a more highly evolved 

avian order (Passeriformes) than does the pigeon (order Columbiformes) (Romer, 1955). 

However, they are both of approximately the same size and body configuration 

so that Shufe Idt's work is probably adequate for the present purpose. 

ln man the atlanto-occipital joint, and ail but one of the cervical 

intervertebral joints, are specialized for movements of flexion and extension, 

and to a lesser extent lateral flexion. Individua lIy these joints permit re latively 

little rotation. In the atlanto-occipital ioint, rotation is restricted because of 

the upward concavity of the articular surface of the atlas. In cervical intervert­

ebral ioints below the first, the superior articular facets are directed upwards 

and backwards, thus severi y restricting rotation in particular and also lateral 

flexion. However some rotation does occur at eachof these joints so the total 

is still appreciable. In contrast the first cervical intervertebral joint or atlanto­

axial joint is highly specialized for rotation about the axis of the vertebral 

bodies. Other movements at this joint are greatly curtai led by the close 

articulation of the odontoid process of the axis into the ring formed by the anterior 

arch and transverse ligament of the at las. Rotation at thoracic ,i ntervertebra 1 

joints, whose articular facets are almost parallel with the vertebral axis, may 

a Iso contribute to head rotation to a sma Il extent. 

Movements of the vertebral column are limited by extensive ligamentous 

attachments. Prominent in the cervical region is the Ligamentum Nuchae, a 

thick band running from the external protruberance of the occipital bone to the 
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spine of the seventh cervical vertebra, where it becomescontinuous with the 

interspi'nous ligament. A fan-shaped fi brous lamina extends from Ligamentum 

Nuchae to the posterior mid line portions of the cervica 1 vertebrae. Also import are 

the thick Ligamenta Flava which run posteriorly between the lamina of 

adjacent vertebrae. These ligaments and other fibrous structures forming the 

capsules of joints are elastic, the Ligamenta Flava being particularly notable 

in this respect. Hence limitation of movement is not abrupt but graduated, 

and the ligaments, together with the muscles, provide a passive restoring force 

tending to bring the head towards its "resting position Il • 

The majority of muscles controlling head movement are located 

posteriorly because of the unbalanced support provided for the skull by the 

atlanto-occipital joint. In general, muscles producing rotation are involved 

in other movements also. An important exception in man is the Inferior 

Oblique, a fleshy muscle running between the transverse process of the atlas 

and the spine of the axis. Each of these bony processes is long and massive, 

providing strength and leverage, whi le the nature of the atlanto-occipitcil,joint 

prevents the lateral flexion which might be expected owing to the slightly 

oblique orientation of the muscle. The short Rectus Capitis Posterior Major, 

and the longer Splenuis Capitis and Longissimus Capitis work to fairly good 

mechanical advantage in rotation when the head is initially facing ahead, but 

are primari Iy extensors. Simi lar considerations apply to the anterior neck 

musc les. Rectus Capitus Anterior, Longus Cervicis and Longus Capitis provide 

flexion and some rotation; Sternocleidomastoid produces rotation and lateral 

flexion. Rotation of cervica 1 vertebrae appears to occur largely as a resu It of 

head rotation, although the Scalene muscles and Splenius Cervicis also contribute 

through their attachments to the vertebrae. 

ln the raven and pigeon there are about twice as many cervical vert­

ebrae as in man, resulting in considerablygroeater mobility.Atlanto-axial and 

atlanto-occipital joints are similar to those in man. The differences in neck 

musculature largely correspond to the greater length and mobility of the neck. In 

addition some considerable functional differences result because the upper portion 
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of the cervical spine in birds is curved with a foward instead of a backward con­

cavity. This curvature appears to result in a great mechanical advantage in 

rotation for some muscles. 

The major muscles of the side of the neck in the raven are shown in 

Fig. 7.I,which is reproduced from Shufeldt. Fig 7.2 shows the cranial attachments 

of sorne of the muscles. Near the occupital ridge are inserted three muscles 

significant for rotation, the Complexus and Rectus Capitis Anterior Minor 

superficially, and deep to them the Rectus Capitis Posterior Major. Complexus 

originates from the transverse processes of upper cervical vertebrae, and Rectus 

Capitis Anterior Minor winds round the side of the neck from its origin on 

the anteriol· surfaces of the upper cervical vertebral bodies. Rectus Capitis 

Posterior Major is large despite its single origin from the spine of the axis. 

Two muscles, Trachelomastoideus and Rectus Capitis Lateralis, arise from the 

transverse processes of the upper cervical vertebrae and insert side by side 

on the inferior surface of the skull, anterior to the foramen magnum and fairly 

near the midline. In the neck the Obliquus Colli, see in Fig. 7.1, appears 

to be important for rotation, arising on transverse processes and winding up and 

back to insert on or near spi nous processes two or three segments above. The 

Longus Colli Posticus is a complex muscles in three parts. Two portions arise 

from the spines of the first two thoracic vertebrae, and of these, one belly 

i nserts i nto the transverse process of the at las, and others i nsert on the dorsa 1 

surfaces of the seventh to e leventh cervica 1 vertebrae near the spi nous processes. 

A third portion included under the name Longus Col li Posticus orisesfrom the spines 

of the second to the seventh cervica 1 vertebrae and inserts into the transverse process 

of the at las. 

The complexity of neck anatomy and musculature has a number of 

implications for the study of reflexes involving these muscles. The neural 

programming required to produce coordinated motion of the head must be very 

complex indeed, and obviously records of the activity in a single muscle 

must beinterpreted with caution since it would not be surprising to find that a 

given muscle was active only during a portion of the movement. In birds and 

.::t::::&GZC34JJ!!!tkl!l ; 
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Fig. 7-1 MUSCULATURE OF THE LATERAL ASPECT OF THE NEC K IN THE 

RAVEN (from Shufeldt, 1890) 
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perhaps in man it seems not unlikely that considerable differences in the speed 

of contraction wi Il be found in different musc les, some of which may be 

involved p~imari Iy in quick, repositioning motions, while others may be 

slow and operate mainly in a stabilizing role. 
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THEORETICAL ASPECTS OF HEAD MOVEMENT CONTROL 

General 

Because of the complexity of head movement control systems it is useful, 

before proceeding to experimental investigations, to set down the known facts 

about the system under consideration and to make whatever inferences are possible 

as to its nature. Such facts and conjectures may be conveniently summarized 

- as information-flow or block diagrams, on the basis of which tentative hypotheses 

as to system performance may be proposed for experimental verification. 

The system to be considered is the horizontal cristo-collic reflex control 

system, which provides rotational stabilization of the head in the horizontal ana­

tomica 1 plane (of the head). The fact that such stabi lization occurs is firmly 

established by previous work reviewed in Section 7.2. At the risk of overemphasis 

it is noted again that the system is necess:lrily of the error-activated type, since 

the anatomical location of the semicircular canals (i .e., in the head), ensures 

that the cana Is sense head motion relative to space, and hence continuously 

monitor system output. The reflex produces, as necessary, head movements relative 

to body which provide a degree of head stabilization relative to the environment 

("space ") in the face of disturbance inputs such as body rotation or externa 1 forces 

applied to the head. In the natural environment,such external forces might,for 

example,occur as a result of high ambient air velocity, especially in the case of 

flying birds, or during running in terre,strial animais. It seems clear that a prime 

function of su ch head stabilization is to contribute to visual image stabilizati01 

during body rotation. However since the system stabilizes the head relative to 

a fixed inertial coordinate system, it could concievably contribute to a short-term 

inertial navigation capability which might be of value to flying animais under 

extreme conditions. 

The stabi lizing role of active head-on-body motion is most apparent in 

the situation in wh ich there are no other CNS commands to produce head movement. 

The absence of such commands may be considered equivalent to a command to keep 

the head stable, that is, to keep some parameter of head motion as near zero as 
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possible. It is pertin~nt to ask what parameter or parameters are to be stabilized. 

A reasonable conjecture, based on arguments si mi lar to those applied in consideration 

of the vestibulo-ocularsystem (Chapters 5 & 6), is that head velocity relative 

to space (absolute head velocity) is the primary variable, but that there are in 

addition some restrictions on head position relative to the body. Since the 

semicircular canal is presumably the most sJgnificant source of absolute rotation 

information in-the feedback path, and since the cana 1 signa l, to the best of 

avai lable knowledge, is interpreted as a ve locity signal, it seems most reasonable 

to assume that absolute head velocity is the principal controlled variable. More­

over for the purpose of visual image stabi lization the vestibulo-collic system as 

weil as the vestibulo-ocular system appears to serve as a back-up stabilization 

system for the visua 1 tracking reflex. The latter, as Young (1962) has shown, is 

severely limited in the velocity of target motion which it can cope with. Hence 

velocity stabilization of the head and eyes relative to spa ce must be highly de­

sirable, if not essentia l, during rapid body movements. 

Using these considerations as a basis, it is possible to construct a 

tentative model of the inertial head stabilization system (vestibulo-collic reflex) 

for horizonta I-plane rotation, starting with the simpler condition in wh ich there 

are no saccades. Experimental justification for this simplification comes from 

the observation of completely non-saccadic responses in anaesthetized and de­

cerebrate pigeons (Chapter 10), The system is assumed to consist of four basic 

components, namely (1) the 'plant', represented by the dynamics of head on neck; 

(2) the 'feedback transducer ' , being in this case a complementary pair of integrating 

angular accelerometers, the semicircular canals; (3) the neural 'comparator' 

and control network; and (4) the 'actuator', made up of one or more pairs of 

complementary neck muscles. An information -flow diagram of the system is shown 

in Fig. 7-3. The plant receives two inputs, a musc le torque r , and the 
. M. 

rotational velocity of the body, QB' Its output, absolute head velocity QH' is 

a Iso the system output, and is fed back by the semi circu lar cana Is to a hypo -

thetical neural comparator, Its output is the difference between the hypothetical 
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command signal (required head velocity, GR ) and the actual head velocity as 

estimated by the semicircular canals. This error signal is, potentially at least, 

processed by a neura 1 control network before eme rging as a neura 1 pu Ise sequence 

to drive the actuating muscles. 

7.5.2 Evaluation of System Components 

Proceeding now to a more detai led consideration of the individua 1 

components, it is convenient first to consider head-on-neck dynamics. As a 

first approximation these may be modelled using linear components. Taking 

moments about the center of head rotation, it is assumed that the head has a 

moment of inertia J, and that the passive mechanical connections between head 

and neck may be approximated as to function by linear viscous and elastic elements 

in para Ile l, with coefficients band k respectively. It seems like Iy that spring 

stiffness actually increases with angular deviation of the head, and viscous re­

tardation in the real system presumably depends to a considerable extent on 

instantaneous muscle properties. Moreover this single-link model of the 

complex, mu Iti-link mechanica 1 structure of the neck may seem a gross over­

simplification. However in this discussion it is intended primarily to develop a 

concept of the overa Il structure of the control system, and for this purpose such 

simplified modelling is probably adequate. 

A physical analogy of this representation of head-on-neck dynamics 

is shownschematically in Fig. 7-4. The body is assumed to have much greater inertia 

than the head so that body motion is insignificantly affected by viscous and elastic 

retarding torques and by the active muscle torque 1vt. Summing ail torques acting 

on the head yields the equation of motion of the head about the vertical axis, 

= -b (g - Q) - k(G - G ) 
H B H B + ë:

M 
•••.•........ " .... Eq. 7.1 

This is Laplace-transformed assuming zero initial conditions, and rearranged to 

give . 
= -(b + k/s) [G

H 
(s) GB (s)] + 'CM •••••••••••• Eq. 7.2 



) 

"HEAD" 

122e 

1 .... _--- Moment of Inertie J • 

... Torsionel Damping 
Coefficient b. 

T orsione 1 Spring 
~t-----

Coefficient k. 

Fig. 7-4 PHYSICAL ANALOGY FOR PROPOSED HEAD ON NECK DYNAMICS 



123 

The relationship is summarized in the block diagram of Fig. 7-5. It will be noted 

that head movement relative to spa ce results from the action of two torques, one 

due to musc le contraction ('CM)' and another, ca lied l: BH and described by 

the first term on the right hand side of Eq. 7.2, being transmitted through the neck 

structures as a result of head motion relative to body. 

The effect of proprioceptive feedback from the neck muscles and joints 

must also be considered, and it is convenient for present purposes to think of these 

as part of the 'plant ' dynamics. Reflex muscle activity due to such feedback would 

affect the value of 'CM ' which may thus be considered to have two components, 

due to proprioceptive and vestibular influences respectively, i.e., 

't = -'C +'C 
M 'p V 

If the relationship ~etween the stretch-reflex torque" and relative. head 

velocity is described by the transfer function G(s), then Eq. 7.2 may be re­

written 

= -(b+k/s+G(s))(GH-éB)+'CV ••••••••••••••.•• Eq. 7.3 

The equivalent block diagram is drawn in Fig. 7-6. The nature of the transfer 

function G(s) is unknown, but if it is assumed that the torque 'rp is proportiona 1 

to the signal from muscle-spindle receptors, it seems likely that the effect of adding 

G(s) in Eq. 7.3 is basically to increase the effective values of the viscous and 

elastic coefficients band k. The argument is based on the fact that muscle 

spindle responses contain components related to muscle length and to rate of 

change of length. Thus the relationship between relative head position and stretch 

reflex torque might be crudely approximated as 

-Cp 
= s G(s) 

= Kp(cs + d) 

Substitution in Eq. 7.3 would yield 
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Js 9-J = 

= -(b 1 + k is) (G
H 

- G
B

) + 'CV ••.••••••••••••.••• Eq. 7.4 

ln this, expression b l and k l are the new effective viscous and elastic terms. 

Head -on-neck dynamics are represented in this form in Fig. 7-7, 

which is a block diagram of the entire vestibulo-collic system for the non-saccadic 

case. The primed parameters b l and k l are retained to serve as a reminder that 

proprioceptive as weil as passive factors are to be taken into account in the repre­

sentation. It will be noted that absolute head velocity could be equivalently 

described as 

= 

There is little available evidence to indicate what are suitable parameter values 

for this second order model of the Iplant l
, but it may be possible to infer roughly 

to what extent the system is damped in the absence of cana 1 feedback. The resu Its 

of extirpation experiments in animais are somewhat conflicting, as are the largely 

subjective reports of the effects of loss of labyrinthine. function in humans, but 

after reviewing these findings (Section 7.2) it is clear that there is a significant 

tendency for oscillatory head movement to occur involuntarily in these cases, 

particu larly in the early stages of the deficiency. The tendency has been noted 

especially in vertical planes, in which the problem of stability is complex compared 

to the horizontal plane owing to the inverted-pendulum effects and otlithic influences. 

However horizontal-plane oscillation has also been described, (ego Money & Scott 

1962) and suggests sub-critical damping of horizontal-plane head-on-neck dynamics. 

The semicircular canal is represented in the feedback pathway of Fig. 7.7 

by the customary second-order overdamped transfer function. Threshold and saturation 

non-linearities have not been included, although these effects,as weil as terms 

to account for adaptation and possibly habituation, wou Id probably have to be included 

in a more exact ana Iysis. 
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Representation of the Icomparatorl )controller l and lactuator l can 

on Iy be in the most general terms at the present time since so little is known about 

them. Th existence of a comparator in this system may be debated, but its inclusion 

is useful for conceptual purposes,and its representation in Fig. 7.7 as a summing 

element rather than some more complex operator may readily be justified as an 

abstraction which clarifies its functiona 1 role (Mi Isum ,1966). A hypothetical 

neural Icontro"er l, shown fo"owing the comparator, is included to account for 

any neura 1 delays or dynamics which may exist. Muscle or lactuator l dynamics are 

represented perhaps optimistica"y as on operator having a single input and single 

output,i.e., neural firing frequency and muscle torque respectively. In fact it 

wou Id be difficult in a detai/ed study to separate muscle dynamics from those of 

head-on-neck. However further consideration of this particular aspect would 

entai 1 a very substantia 1 diversion, besides which there is no immediate possibi lit Y 

of experimenta"y resolving the system in su ch detail at the present time. The simple 

representation of Fig. 7.7 is more useful conceptually and is at least plausib~E: 

as an approximation. 

Evidently no detai led prediction of system performance characteristics 
, 

is possible on the basis of this model,since much vital fnformation is missing. 

Moreover there has been no consideration as yet of possible mechanisms of 

saccade generation and of their effects on system performance. However this 

e lementary formulation of the problem gives some insight into the nature of the 

system and leads to a rational experimental approach. There can be little doubt 

that future investigation of saccadic mechanisms will be substantia"y fac ilitated 

if a reasonab le working mode 1 of system operation in the non-saccadic mode can 

first be worked out. 

7.5.3 The Role of Cana 1 Feedback 

A fundamenta 1 step in understanding this reflex system is to eva luate 

the effect of semicircular canal feedback. To do this, Iplant l performance 

must first be assessed in the absence of feedback. The open-Ioop dynamic 

relationship between head velocity and body velocity is given by the first 

term in Eq. 7.5, and may be rewritten, 
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. 
GH(s) Ts + 1 

= 
GB(s) 

2 
2ts s + + 1 

~ (,JO a 

or, rea rra ngi ng, 
. . 

-Js2 QH(s) - 9B(s) 
= 

GB(s) 52 +~ + 1 
2 (,JO (,JO 

where 

T = b'/k' 

(,JO = (k'/ J) 1/2 

r = (b ,2/4 Jk ' ) 1/2 

Here (,JO and r are respective Iy the undamped natura 1 frequency and· dampi ng 

ratio of the system. The amplitude-ratio portions of the corresponding Bode 

frequency response plots for a slightly underdamped and a slightly overdamped 

system are shown in Fig. 7.8, parts (a) and (b) respectively. Now the require­

ment for head velocity stabi lization relative to space is that 

or correspondi ng Iy, 

= -1. 

The second order plant evidently meets these requirements even in the absence of 

feedback provided the frequency of body movement is significantly greater than 

the undamped natural frequency (Fig. 7.8). This conclusion may seem surprising 
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initially since it means that canal information is not necessary to insure 

good inertial head stabilization at high frequency of body rotation. How­

ever the conclusion is independent of the model and may be derived from 

simple physical reasoningi at high frequencies head inertia is the dominant 

dynamic influence and tends to prevent absolute head movement in space. 

The function of canal feedback is therefore presumably to improve perfor­

mance in the low-frequency portion of the spectrum. It wi Il be noted that 

in theory improved low-frequency performance could 0150 be achieved, 

without canal feedback, by reducing the negative feedback of proprio­

ceptive information about relative head-on-body position. Su ch reduction 

would decrease the effective value k' and hence lower the natural fre­

quency. However the resulting loss of coupling stiffness between head and 

body wou/d have profound deleterious effects on other systems, such as the 

control of relative heod deviation in the horizontal plane. In fact it seems 

probable that the labyrinthectomized subject in the course of adaptation ta 

his deficiency learns to augment rather thon reduce the effects of proprio­

ceptive feedback From the neck. This, while increasing the notural frequency 

of the head and hence further reducing low-frequency heod stabi lizotion 

relative to spoce, would moke it possible to lock the heod to the larger mass 

of the body. The latter con of course be stabi lized voluntari Iy in ordi nary 

situations by simply standing still. 

Some further comments on the possible effects of canal feedbock are in 

order., if only ta emphasize the complexity of the system as compared with the 

vestibu 10- ooular reflex. Let it be assumed, temporari Iy, that the neuro l 'control 1er' 

and the'octuator' in Fig. 7.7 contribute no dynomic effects in the frequency 

• ronge of interest, and have an overa" gain equal ta KN • Then for the hypo­

thetical case in which the feedback transducer is a pure velocity sensor with 

gai n Ke' 
the torque 'C V wi Il be 
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and it is easy to show that 

biS + k' 
... " • ., • Il • 0 • • Eq. 7.6 

= 

The coefficient of s in the denominator is augmented compared to that in the 

plant transfer function, the effect being equivalent to the addition of damping 

of the head relative to space. In the frequency range of accurate velocity 

transduction by the semicircular cana Is, the effect of canal feedback would be 

simi lar provided the assumptions about Icontrollerl and lactuatorl dynamics 

are at least approximately true. Even if these assumptions are invalid however, 

Eq. 7.6 nicely emphasizes an important general conclusion which will be very 

obvious to the reader familiar with control theory. The effective viscous 

term in the denominator of Eq. 7.6 is (b ' + KCKN)' and varies with the static 

gain of various components in the feedback loop. In the more general case 

other parameters such as the effective inertial and spring terms may be functions 

of loop gain, which may therefore have drastic effects on the dynamic character­

istics of the closed-Ioop system. In the biological system loop-gain may be 

expected to vary substantially with factors such as arousal. This may make 

the system more versatile in its biological role, but adds considerably to the 

problems of system identification. 

7.5.4 Saccades 

There remains the question of saccades, which wi Il be considered only 

briefly. There is no doubt that the horizontal cristo-col/ic reflex system can 

operate in a non-saccadic mode (see above),. and though it does not necessari Iy 
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follow, it seems likely that the loop of Fig. 7.7 remains closed at ail times 

during saccadic head movement. One is inclined to regard the saccades as 

resulting from an additional input to the actuator, this saccadic input being 

in the form of pulses. A possible scheme is shown in Fig. 7.9, in which a 

postulated saccade generation mechanism, labe lied Il S. G. ", receives 

vestibular and neck-proprioceptive inputs,and outputs pulses to the actuator 

(musc le). It is high Iy probable that the mechanism is close Iy li nked to that 

responsible for saccade generation in the vestibulo-ocular system, since 

vestibularly-driven head and eye saccades are synchronous· in the pigeon 

(Section 11.4) and nearly 50 in man (Section 9.2). Functional considerations 

suggest that saccadic mechanisms in the visual tracking system may also be 

close Iy re lated . Further study of saccadi c mechanisms thus becomes a most 

interesting prospect, and should eventually lead to useful clinical applications 

in the diagnosis of various neurological disorders, owing to the wide ramifications 

of neural connections in the three systems. 

7.5.5 Suggestions for Experimental Studies 

ln this section the vestibulo-col/ic system has been considered theo­

retical/y at some length as a prelude to the accounts of experimental studies 

which fol/ow in Chapters 8 and 9. The principal experimenta! problems are 

thereby clearly delineated, and a number of hypotheses emerge for testing. 

The following experimental approaches are proposed as the logical 

outcome of the theoretica 1 considerations presented: 

1) j 0 exami ne ove ra 1 1 system response, both (a) in the norma 1 saccadic case, 

and, (b) using appropriate pharmacological measures and/or smal/ input ampli­

tudes, the non-saccadic case. The former could reasonably be analyzed in 

terms of the variations in slow-phase head velocity,for a direct quantitative 

comparison with the vestibu lo-ocu lar response. On the other hand character­

istics of the non-saccadic response would be particularly useful in obtaining 0 

mathematical mode l, owing to the analytical simplifications which result if 

saccades are excluded. 
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2) To examine and characterize responses of isolated components or groups of 

components within the feedback loop. (0) Semicircular" canal characteristics 

might be estimated initia/ly through analysis of vestibulo-ocular response, 

and subsequently verifjed by appropriate electro-physiologica 1 experiments. 

(b) Il Plant" dynamics (head-an-neck) cou/cl be analyzed by recording head 

motion during body rotation after plugging the semicircular canals and thus 

breaking the feedback loop. Similor experiments after curarization or 

cervical dorsal root section might aid in distinguishing the various factors 

contributing ta head-on-neck dynamics, such os purely mechanical properties 

of the neck, muscle properties and proprioceptive reflexes. (c) Properties of 

the neural "comparator-controller" and muscle "actuator" could be examined 

in combination by measl:Jring isometric head torque during body rotation, 

making allowances for canal dynamics in the analysis, and information about 

neural mechanisms alone might be otained from recordings made in appropriate 

motor nerve pathways during rotation with head fixed ta the turntable. Modi­

fication of these experiments by severing cervical dorsal roots might give 

further information about the role of proprioceptive reflexes. 

3) The problem of saccade-generation mechanisms in this system might be 

approoched by simulation of various possible schemes of ter a mathematical model 

of c losed- loop non-saccadic response is worked out. 

ln addition to these suggestions for experimental study 1 three hypotheses 

emerge from the preceding theoretical discussion and require testing. These are: 

1) That dynamic characteristics of the vestibulo-collic system response,and 

hence response parameters such os time constants, wi 1/ vary with loop gain and 

therefore depend on the leve 1 of arousa 1 . 

2) That the vestibulo-"col/ic system may have significantly greater bandwidth 

than the vestibulo-ocular system or the semicircular canals, the region of 

accurate head stabilization being extended in both high and /ow frequency 

ranges. 
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3) Thot in contrast to the situation in the vestibulo-ocular system, the 

time constants characterizing vestibulo-collic response will 011 be different 

From the time constants of the semicircular canal, except perhops et certain 

specific values of the loop gain. 

ln the experimentol studies described below, overell vestibulo­

c:ol/ie system response hos been exomined in man and, to a greoter extent, 

in pigeons, and semicircular canal parameters in the pigeon have been esti­

mated through analysis of the vestibulo-ocular response. Without exception 

the results support the hypotheses stated above. 
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CHAPTER 8 

EXPERIMENTAL APPARATUS & METHODS 

8.1 GENERAL 

Human and animal subjects were exposed to rotational stimulation 

in the horizontal plane on one of two servodriven turntables equipped with slip­

rings for the transmission of electrical signais from turntable to recording 

apparatus. A potentiometer and tachometer attached to the shaft of each turn­

table provided an indication of turntable angular position and velocity respectively. 

Angular head movement was measured without restriction using the 

method of a search coil in a magnetic field. A uniform field was produced by 

two large field coi Is mounted on the turntable. A light search coi 1 on the subject's 

head then picked up by magnetic induction a voltage proportiona 1 to the sine 

of the ang le between coi 1 and fie Id. A home-made curve-followi ng function 

generator was used to linearize the trigonometric relationship. The resulting 

signal was proportional to the angular deviation of the head relative to the 

turn1ab le over a range of 160
0 

with an accuracy of 3%. An ana log computer 

was used to differentiate the head position signal when head velocity information 

was desired, and also to perform the appropriate on-line algebraic operations 

necessary to obtain records of head position or velocity relative to the stationary 

surroundings. 

Eye position relative to head was measuredinmanQnd pigeons- using 

the principle of electro-oculography. Electromyographic activity in the neck 

muscles of pigeons was recorded and analysed in a conventiona 1 manner. 

Appropriate outputsignals were amplified, monitored on an oscilloscope 

and recorded on paper and/or on magnetic tape using FM techniques. Occasionally 

records were also made on Polaroid film using an oscilloscope camera. 

8.2 TURNT AB LES 

Two different turntables were used, one for human and one for pigeon 

experiments. These were both of the same ove ra Il design but the latter, whose design 

and construction was finalized during the course of this work, incorporated sorne 
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modifications and improvements and was capable of more rapid response. 

The first table (Fig. 8-1), which wi Il henceforth ~e referred to as Table 

"A", has been extensively used in this laboratory by Dr. G. Melvill Jones and 

others. It was designed for use in human experiments in the configuration shown, the 

subject being seated on the bicycle saddle and holding on to the upright bar. The 

transverse support, T, and field coils, C, were added for the present experiments, the 

former being provided as a chest support for the subject, to restrict movement of the 

torso relative to table. By replacing the upright bar and bicycle saddle with a 

fiat horizontal surface, the same turntable could also be used for animal work , but 

in the present series of experim ents Table "B" was used for this purpose (see below). 

Turntable A was driven through a two-stage reducÎng friction drive 

bya D.C. velccity servo-motor (Servomex Controls Model MC .43) and was 

capable of speeds up to 360,?sec in either direction. The motor control 1er was 

driven by a function generator to produce triangular, square-wave and sinusoidal 

variations in table velocity, and gave exce lient results at the frequencies used 

in the human experiments described below. 

The second turntable (Table BI Fig. 8-2) was designed for animal work 

only. The design was simi lar to Table A with some improvements, i.e. an improved 

slip-ring assembly, and reduced moment of inertia of moving parts. Also, pro­

vision was made for easy conversion from the servo-controlled mode of operation 

to a spri ng-operated mode in whi ch the table operated as a tuned mechanica 1 system 

qt higher frequencies of osci Ilation than it was otherwise possible to obtain. 

ln the servo-controlled mode the table was driven by a motor (simi lar to 

that used in Table A) through.afriction reducing drive. In this mode, torque 

limitations due to the motor and friction drive restricted the sinusoidal response 

to about 0.5 Hz, above which frequency distortion of the waveform became 

intolerable. In the tablels spring-operated mode, the motor was used to drive, 

through a reduction gear, an eccentric arm of variable length (Iabelled A in Fig. 8.2). 

R?tation of this arm at constant angu lar ve locity provided a very nearly si nusoida 1 

linear displacement of the cords, C~ sufficient to maintain steady oscillation 

i,n the mechanical oscillator composed of the turntable and the sprin~s, S. In 
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Fig. 8-2 PHOTOGRAPH OF TURNTABLE IIB II ,USED FOR ANIMAL EXPERIMENTS 
M - motor, RI - reducing gear, R2 - reducing friction drive, a - c lutch, 
SR - slip rings, C - cords, S - spring, Cr - crank, T -tachometer. 
(for explanction see text) 
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Fig. 8-2 PHOTOGRAPH OF TURNTABLE "B",USED FOR ANIMAL EXPERIMENTS 

M - motor, Rl - reducing gear, R2 - reducing friction drive, CI- clutch, 

SR -slip rings, C - cords, S -spring, Cr - crank, T -tachometer. 

(for explonation see text) 
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practice the cords were attached to a dummy shaft moul')ted on separate bearings 

coaxia 1 with the mai n shaft of the turntab le. The two shafts were connected by 

a magnetic clutch when oscillation was desired. The cranks saen in Fig. 8-2 were 

included to faci litate the insertion of stiff springs. 

The mechanical oscillator so produced was very lightly damped and had 

a high resonant peak. Thus at resonance, high-omplitude oscillation could be 

obtained with a small forcing osci IIation, and distortions in the waveform of the· 

forcing osci IIation had little effect on the waveform of turntable motion. Amplitude 

changes were easi Iy produced, either by changing the length of the eccentric 

arm, A, or by slight off-tuning. The latter was aecomplished by a/tering the 

speed ofeccentric-arm rotation, bringing about major changes in amplitude with 

very minor a/terations in frequency cf œcillation. Changing the frequency of 

resonance was more difficult, the most satisfactory procedure being to insert 

springs sufficiently stiff to ensure resonance at the highest frequency desired, 

and then to increase the tablels moment of inertia with weights to bring about a 

progres sive reduction in the resonant frequency. Usi ng a combi nation of the 

direct drive and tuned osci IIation modes of operation it was possible to achieve 

sinusoidal table oscillation of acceptable amplitude in the range 0.008 - 3.0 Hz. 

Position and ve/ocity of the turntable were monitored by means of a 

potentiometer attached to the main shaft , and a tachometer making a friction contact 

with a large whee/ attached to the main shaft. Slip rings were made of bronze with 

brushes, of which there were two per slip-ring, made of copper-impregnated 

carbon and mounted on leaf spri ngs • 

8.3 MEASUREMENT OF ANGULAR HEAD MOVEMENT 

8.3.1 , Introduction 

Angular displacement of the head relative to the turntab/e was measured 

in pigeons and in human subjects using the method of asearchcoi/ in a magnetic 

field. Two large field coi Is, fixed to the rotating turntable, were energized by a 

table-mounted osci IIator to produce a high-frequency a Iternating magnetic field 

whic!"l was highly uniform in the region of the head. A iightsearchcoil mounted on 
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the head picked up a voltage proportional to the sine of the angle between the 

plane of the coil and the magnetic field. After suitable processing an electrical 

signal was obtained which was proportional to angular displacement over a total 
o 

range of 160 . 

The method has previollsly been used to measure eye movement, both 

in this laboratory, and by Robinson (1963) who gives a detailed description of 

his apparatus. It has two great advantages in addition to high sensitivity, namely 

(1) There is no mechanical restriction to head movement since the search coi 1 

can be very small and is attached to the turntable by a very fine loose wire; and 

(2) The output is entirely unaffected by linear movements of the coi 1 provided the 

magnetic field is uniform. 

8.3.2 Principle of Operation 

If a plane coi 1 of N turns and area A is placed in a uniform magnetic 

field H parallel to the horizontal V-axis (Fig. 8-3), then by Faraday's U:!w, an 

electromotive force el will be induced in the coil, such that 

d 
= - # N - (H A cos ex) 

dt 
where # is the magnetic permeability of air, and ex is the angle between the normal 

to the c.oil and the V-axis. If H is sinusoidal, H = HOsinwt, then 

el = - #N A HO (wcos wt cos ex - sin wt sin ex ~~ ) 

The sinusoida 1 frequency of the field appears as a multiplicative factor 

in the first term, and hence if the frequency is large the second term may be 

ignored, yielding, 

e 1 ~ - # N A HO w cos wt cos ex 

which is an alternating potential whose amplitude is proportiona 1 to cos ex. 

Some form of phase detection is required if the angle ex is greater than 

90
0

, since a change in the sign of cos ex will lead to phase reversai of el. Phase 

detection is accomplished by placing a second, stationary coi 1 in the field such that 

the amplitude of its output, e
2 

1 is always greater than or equal to el . The 
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sum of the amplitudes of the outputs from the two coi Is w!!! t1hvt1ys be different 

from zero, and may be represented 

e = + 

= b + c cos a 

where band c are" constant for a given set-up. Rectification and filtering of e 

then yields a OC voltage proportional to cos a. 

The angle a is the angle between the magnetic field and the normal 

to the search coi 1. Since in the present study only rotations in the horizontal 

x-v plane were of interest, it is desirable to express e in terms of the angles 

Q and fb (Fig. 8-3). Thus, 

e = - J.L N A HO sin 9 cos ~ 

Clearly rotation of the coi 1 about the V-axis wi Il not affect the output. The angle 

Ç25 representi ng rotation about the X-axis, cou Id make an unwanted contribution, 

but if Ç25 is kept sma Il its contribution is re lative Iy i nsignificant. The error is 

less than one percent of maximum output if ~ is less· than eight degrees, and less 

than five percent if ~ is less than 18 degrees. 

8.3.3 Generation of the Magnetic Fie Id 

The field was produced by two coaxial circular coils,each of 25 cm. 

radi us and separated by 25 cm. Each coi 1 consisted of 50 turns' of No. 22 SWG 

insu lated copper wire wound on a light, laminated-cardboard rim and supported 

by wooden cross braces (Fig 8-1). This coi 1 arrangement, was chosen as one 

providing a very uniform field near the center of the region enclosed by the coils. 

Design of the osci IIator to drive the coi Is was based on severa 1 con­

siderations.A high frequency of oscillation was desirable in order to obtain an 

output of reasonable amplitude, and also to faci litote filtering in the demodulation 

stage and in other low-Ieve 1 measurements in which interference from the field 

might be a problem. To ovoid the gross interference which might occur if the 

coi Is were energised via the slip-rings it wos necessary to use a battery-operated 
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osci1 lator mounted on the turntable. To minimize power requirements and hence 

the added weight of large batteries the system was operated at a frequency near 

the resonant frequency of the coi Is, which was about 165 k Hz. A crystal­

controlled oscillator was used to minimize frequency drift which would have 

a significant effect on field stiength o.ving to the high iesoncnt peak. Tc offset 

the effect of any residual drift in frequency the coi 1 systemwastuned to have a resonant 

frequency slightly less than the osci Ilator frequency. Thus field strength would 

decrease with increasing frequency whereas the induced e.m.f. in the pickup 

coi 1 would tend to increase with increasing frequency, and the two effects v.o uld 

counteract each other. 

Field uniformity in a coil system such as that used here, i.e., the 

so-cal/ed Helmholtz configuration, has been investigated by Nagoaka(192l) 

and by Montgomery and Terre 1/( 1961) • From the graphs of Nagoaka, and the 

tables of Montgomery and Terrell, it emerges that the radius of the sphere 

centered about the field centeri within ,which the magnitudes of the axial and 

radial components of the magnetic field differ by less than 0.1% from their 

magnitudes at the field center, is 0.172 times the coil radius. For a deviation 

less than 1%, it is fou'nd from Nagoaka's graphs, confirmed by calculations by 

the author, that the corresponding sphere has a radius of 0.3 times the coil 

radius. With a coil of radius 25 cm., the sphere of 1% uniformity is thus 

15 cm. in diameter. It wi 1/ be noted that this is a relatively much larger 

region of field uniformity than that obtained by Robinson(1963), who used, 

a coi 1 separation equal to the coi 1 diameter. 

8.3.4' Arc-Sine Function Generator 

The output of the search coi 1 yielded,after rectification and fi Itering, 

a d.c. voltage/proportional to the snne of the angle (Q) between the magnetic 

field and the plane of the coi 1. For small angles the approximation sinQ = kG 

couid be used with small error (Iess than 2% for angles less than 20°). 

To extend the usefu 1 range of the device a curve-followi ng function 

generator was constructed,having an output proportional to the arcsine (sin- 1) of 

the input. The principle of this method of function generation is weil known. 
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A mask shaped like the required function is placed on the face of an oscilloscope 

operating in the X-Y mode. A photo-electric device is placed in front of the 

osci Iloscope face, and its output is fed with high gain to the Y-axis of the 

oscilloscope, driving the oscilloscope beam downwards so that the spot is 

constrained to move only along the edge of the mask. Horizontal movement of 

the spot, brought about by an X-axis signal, is now always associated with a 

vertica 1 deflection. This deflection/and consequently also the signal reaching 

the vertical.deflection plates, is related to the X-axis input signal by the 

fuhction defined by the mask. 

The arc-sine function generator employed was cor.structed using a 

Tektronix 502A oscilloscope with a short-persistence blue phosphor to ensure 

rapid response. A phototl1u Itiplier tube (RCA 931A) having maximum sensitivity 

in the blue-to-ultraviolet range was fixed in front of the oscilloscope face on 

a camera-mounti ng cone. The mask used was a 4" x 5" negative 

transparency obtained by photgraphing a large scale drawing of an arcsine function. 

This type of mask was used in preference to a mask cut by hand, in order to 

reduce noise due to irregularities of the edge of the mask. The photomultiplier 

output ·was fed into the Y-axis amplifier of the oscilloscope, and the input 

signal fed into the X-axis amplifier. The vertical axis output of the oscilloscopc:, 

incorporating a cathode follower output stage, was taken as output of the device. 

linearity and frequency -response of the function generator were 

assessed by operating on the sinusoidal output of a precision low-frequency waveform 

generator (Servomex Controls ltd., Crowborough, Sussex, England, Type lF51, 

Mark Il). When the input amplitude was properly adjusted, the output was a 

triangular wave with sorne distortion near the peaks,corresponding to regions 

where the slope of the arcsine function is nearly infinite. The straight segments 
" of the triangular wave, corresponding in their extent to an angular excursion of 

±80
0

, deviated from the best.fit straight line by less then 3 per cent at frequencies 

up to 1000 Hz. 
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8.3.5 Pi ck-Up Coi 1 

The pi ck~p coi 1 used for human sub jects was 1.5 cm in diameter and 

consisted of about 30 turns of No. 32 SWG insulated copper wire wound on a 

plexiglass holder. It was mounted on a steel wire frame shaped to fit snugly 

over the head (Fig. 8-4). The coil fitted into a slot on top of a two-piece 

plastic post on top of the wire frame. The post separated the coil from the small 

field distortion produced by the steel wire, and also provided a means of ad­

justing the angular position of coil relative to head. 

Slip of pickup coi 1 relative to head was assessed during voluntary 

head shaking by comparing coi 1 output with the output from an angular potent­

iometer connected to a dental bite by means of a small double parallelogram such 

asthoseused in drafting tables. The results at different frequencies are shown in 

Fig. 8-5. Asmall amount of slip is seen to occur at the highest frequency, 

this being the maximumfreq!Jencyofvoluntary head shaking in this subject. 

ln pigeon experiments a coil 0.75 cm in diameter was used, having 

about 50 turns of No. 36 SWG insu lated copper wi re • Th is was attached to the 

top of the head, after removing feathers, by means of collodion and a small 

strip of gauze passed through the center of the coi 1. 

1 n human and animal· experiments the pickup coi 1 was mounted so that 1 

with the head in its resting position (eyes shut) ,the plane of the coi 1 was vertical 

with its axis in the antero posterior axis of the head. In both human and avian 

subjects, particularly the latter, the nose or beck tended to t~lt down when at 

rest witheyes shut, bringing the horizontal semicircular canal approximately into 

the horizontal plane of the earth. Position of the pick up coil was correspondingly 

adjusted. 

8.4 METHODS OF RECORDING EYE MOVEMENT 

Changes in eye position were recorded in human and avian subjects 

by the method of D.C. electo-oculography. The technique is the subject of a 

recent review by Shackel (1967) .. Basis of the measurement is the normal corneo­

retinal potential, a standing potential between anterior and posterior poles of the 
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Fig.8-4 PHOTOGRAPH OF SUBJECT WEARING APPARATUS FOR HEAD AND 
EYE MOVEMENT DETECTIO N 

P - pick-up coi 1; H - steel wire holder for pick-up coi 1; E - electrode 
for electro-oculographic recording of eye movements. 
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Fig.8--4 PHOTOGRAPH OF SUBJECT WEARING APPARATUS FOR HEAD AND 

EYE MOVEMENT DETECTIO N 

P - pick-up coil; H - steel wire holder for pick-up coil; E - electrode 
for electro-oculogrophic recording of eye movements. 
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ocular globe. Changes in orientation of the globe result in changes in the 

potential recorded by electrodes placed on either side of the eye. The 

potential change is linearly related to angular position of the eye for ex­

cursions up to about 30
0 

from the center. 

ln human subjects the potential was recorded using rubber suction 

cup electr:>des (Shackel, 1958) with the si Iver/si Iver chloride contact poles 

surrounded bya jelly made of 0.2% Agar in 0.9% saline. 

ln pigeons a modification was necessary owing to the small size of 

the head. The electrodes consisted of si Iver wire 0.5 mm in diameter. These 

were freshly chlorided and covered with a polyethylene sleeve leaving only the 

tip exposed. After induction of anaesthesia and removal of feathers a small 

incision was made in the skin near the eye and about 0.5 cc. of the agar-salt 

jelly describe~ above was injected with a syringe into the subcutaneous space. 

The electrodewas placed with its tip in the center of this volume of jelly, taking 

care to ensure that no portion of the bare chlorid~d wire was in contact with 

skin or other tissue. Owing to the wide separation of the eyes in the pigeon 

electrodes were placed around one eye only, one anterior and one posterior 

to the orbit and a third midway between the other two in the midline of the 

sku Il. The center.e lectrode was grounded and recordi ngs were made differentia Ily 

via sliprings, using a D.C. amplifier (Tektronix Type 3A3). 

ln initial pigeon experiments there was considerable difficulty in 

obtaining good records of eye movement because of pronounced electro -

myographic-type activity occurring at the time of each quick, saccadic flick of 

the eye. It became apparent that this was due to contraction of a long thin muscle 

originating on the skull near the posterior margin of the orbit and inserting into 

the skin of the neck in the Iowa- cervical region. The muscle is called Derma­

temporalis by Shufeldt (1890)·, ln ail subsequent experiments this muscle was 

cut and the remnant scraped away From its bony attachment. Subsequent recordings, 

though never as noise free as one might hope, were nevertheless free of gross 

contamination by electromyographic activity. 
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8.5 OPERATIVE AND ANAESTHETIC METHODS IN PIGEONS 

The birds are in general relatively easy to handle, since they become 

quite doci le when blindfolded. Ether anaesthesia is readi Iy induced using a small 

nose cone. Following this tracheotomy is desirable,especially if it is planned to use 

a head holder involving constraints near the nares, which may result in hypo­

venti lation. Anaesthesia is then maintained by placing a small amount of ether 

in a polyethelene squeeze bottle and delivering a few squirts of th'e vapor so ' 

collected into the tracheal cannula. Artificial respiration may be applied where 

necessary using a similar squeeze bottle filled with air or oxygen. 

The effect of ether administered by the squeeze bott le in this way is 

commonly rather rapid initially and quite prolonged. Not infrequently the depth 

ofanaesthesia seems to increqse slowly for a time after the rapid initial effect, and 

respiratory difficulties may result. In comparison with the cat,is it in the author's 

experience rather difficult to "blow off" excess ether by artificial respiration in 

the pigeon. Money (persona 1 communication) has made a similar observation. 

The effect may be due in part to the large ai r spaces found in the bones of pigeons 

and other flying birds. 

ln the decerebration experiments described below the pigeons were 

initiallyanaesthetizedwhh ether. The skull overlying the forebrain is very thin 

and may be remOied using the tip of a scalpel to break off successive small pieces. 

Use of a dental burr is far more satisfactory as it almost completely prevents bleeding. 

ln the experiments described the brain-stem was divided anterior to the optic lobes 

and care was necessary to avoid damage to these large protrusions. 
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CHAPTER 9 

EXPERIMENTAL 1 NVESTIGATION OF VESTIBULARLY DRIVEN HEAD MOVEMENTS 

IN MAN 

9.1 INTRODUCTION 

The experiments described here were designed primarily to investigate 

whether or not the vestibulo-collic reflex is active in adult human subjects 

and in particular whether nystagmoid head movements would occur with s~itable 

vestibular stimulation. A secondary objective, that of discovering the detailed' 

nature of vestibular control of head movement in man, was largely abandoned when 

it was found that the response in human sub jects was somew!,at erratic. 

A total of eleven normal human subjects were studied. Seven were 

exposed te step changes in angular velocity of the body, and ail were exposed to 

sinusoidal rotational oscillatio~ at a frequency of 0.01 Hz with eyes closed. Head 

position, and in some subjects eye position also, were recorded by methods pre­

viously described (Chapter 8). Low frequency components are prominent in both 

of the' types of input used, so that the semicircular canal signal could be expected 

to differ considerably from the relevant input, thus making obvious any 'vestibular 

contribution to the response. Further more it was found that such slowly changing 

stimuli made it possible to see clearly the relatively slow head nystagmus which 

occurred in some sub jects. 

9.2 RESULTS 

9.2.1 Responses to Step Changes in Table, Velocity 

Seven subjects were exposed to step changes in angular velocity of the 

turntab le with eyes c losed and head free to move. 1 n four sub jects the response of 

the head to this manoeuvre was a small compensatory movement immediately after 

the velocity change, followed bya graduai smooth return to near the resting position 

(Fig. 9-1). Three sub jects however shoVfed obvious per- and post-rotational 

head nystagmus with a graduai decay in slow-phase head velocity. Figure 9-2 

is a record of such a response from an experiment in which eye position was 

recorded as weil as head position. 

It will be noted that head nystagmus is coincident with a slowly-changing 

net head deviat~on in the Icgsing or compensatory direction. The net deviation of 
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the head has a rather variable time course, 'but tends to reach its peak as the 

nystagmus dies away, following which the head returns very, slowly towards its 

starting position. The observation that net head deviation is in the lagging 

direction is in accordance with the earlier' descriptions' of post-rotationa 1 head 

nystagmus in lower animais (Breuer, 1874; Ewald, 1887; Dunlap & Mowrer, 1930; 

Schierbeck, 1953; Aachan et al., 1955), and with records of head mov.ment in 

pigeons described in the next chapter. It contrasts with the anti-compensatory 

or leading direction of "mean eye position" described by Jones (1964) and Mishkin 

& Jones (1966). The slow return of the head to center is similar to the slow 

return described by Henricksson et al. (1962) following caloric stimulation in man. 

The i nterp lay betv.e en head and eye nystagmus, as i lIustrated in Fig •. 

9-2, is of considerable interest. It is quite striking to note in this example that 

whi le the frequency of eye nystagmus is three to four f'imes greater on the average 

than that of head nystagmus, the occurrence of a ,saccadic flick of the head is a Imost 

a Iways associated with a parti cu larly large eye saccade. Similarly during a s low­

phase head movement there is usa lIy a long slow phase of eye movement, unin­

terrupted by saccades. This suggests that generation of head and eye saccades is 

closely related. Such a relationship probably has important functional significance 

in the normal cooperation of the vestibulo-ocular and vestibulo-collic systems, 

since it means that intermittently the eye gets a longer look at a single visual target 

then would otherwise be possible. 

A third feature of interest emerges from Fig. 9-3, in which slow-phase head 

and eye velocities (calculated From successive slow-phase slopes) from the ex­

periment of Fig. 9-2 are p lotted as functions of time. The re lative magnitude of 

the step change in table velocity (80
0
/sec) is indicated by an arrow on the vertical 

axis. During the first féw seconds after the step, compensation by the head clearly 

makes a very significant contribution to stabi Iisation of the eye relative to space. 

ln this case, which appears to be typical for the few subjects exhibiting this 

pattern of response,i nitia 1 slow-phase head ve locity,' is somewhat more than ha If the 

table velocity. Slow-phase head velocity tends to decay faster than the overall 
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slow-phase velocity of eye relative to table, and in the late portions of the 

response the re lative contribution of the head is sma II. However the initial 

portion of the response is probably more indicative of the contribution which 

head compensati on can potentia lIy make duri ng the short, sharp body movements 

of everyday life. It should be noted also that the contribution by head compen­

sation continues to be significant after head sacca~es begin, so that controlled 

vestibulo-collic reflex action is implicated, and not simply the passive head 

stabilizatioll which results because of head inertia. 

9.2.2 Responses to Sinusoidal Rotational Oscillation 

Eleven subjects were exposed to low frequency sinusoidal rotational 

oscillation (around 0.01 Hz) with peak table velocities of 50 - 120
0
/sec. With 

head free and eyes open ail subjects spontaneously producsd rythmic nystagmoid 

head movements after a period of acclimatization to theapparatus. With eyes shut 

five subjects continued to show head nystagmus, although it was somewhat less re­

gular. These subjects stated that there seemed to be a strong automatic drive 

producing head movement. Of the five, two subjects produced a sustained 

nystagmoid pattern with distinct slow and fast phases (Fig 9-4). The nystagmus 

shown by the other three subjects was not sufficiently maintained during the 

long stimulus cycles. to permit useful quantitative analysis. Records from the two 

responsive subjects were analyzed by measuring slow-phase slopes to permit 

plotting of slow-phase velocity for comparison with table velocity. 

ln both cases head velocity was phase-advanced by about 30
0

• In contrast the. 

phase-advance observed in the vestibulo-ocular response in four subjects at 

nearly the same frequency but with head fixed to the turntable was about 60
0 

(Table 9-1). This latter value agrees with that obtained by extrapolation from 

the data of Niven and Hickson (1961) and of Miery (1965) and should indicate 

rough Iy the phase shift in the canal signal at these frequencies. Thus the vest­

ibulo-collic response in these subjects showed a consider.Jble reduction in the 

effect of low frequency canal errors, at least as far as phase is concerned. 

At first sight the results obtained using sinusoidal inputs may seem to 

contradict those obtained using step inputs. Reduced phase shift in the low 
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TABLE 9 - 1 

COMPARISON OF NYSTAGMUS PHASE SHIFTS 

DURING SLOW OSCI LLATION 

144 b 

Vestibu lo-Ocu lar System Vestibulo-Collic System 

Subject Periodic Phase Subject Periodic Phase 
Time ± S. E. Time 

+ . 
- S. E. 

T. C. 94 46±3.0 J. O. 85 26 ± 3.2 
U. W. 96 64±3.9 J. O. 86 31 ± 6.3 
J. M. 100 54 ± 1.5 J. M. 105 27 ± 1.8 
R. B. 120 61 ± 1.4 
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frequency sinsusoidal response of the vestibulo-collic system might be taken 

to mean that the system has a long-time constant which is longer than that 

of the semicircular canal or the vestibulo-ocular system. Yet following a 

step input, slow-phase head velocity decayed rather rapidly,' as shown in 

Fig. 9-3. However while head nystagmus was usally over within one minute, 

head deviation persiated with a much slower decay for' some minutes, the 

corresponding velocity being too small to resolve in our records, although it 

clearly became reversed in sign. A similar overshoot in velocity was observed in 

the step response of the pegeon's vestibulo-collic system (see Chapter 10). In 

the presence of su ch an overshoot the semi logarithmic slope of the initial 

decay in response is not representative of any system time constant, as shown 

by Young (1968) and discussed in Section 4.3.2. For this reason no attempt 

has been made to fit a time constant to the step-response data in man. It 

should be noted however that compensatory eye nystagmus was observed to 

persist after the cessation of head nystagmus (Fig. 9-2), a fact which strongly 

suggests that the slow decay of head deviation was associated with a residual 

vestibular signal and not due to central phenomena alone. 

9.3 CONCLUSIONS 

These experiments demonstrate that head nystagmus does occur 

in man, and there can be little doubt that it was vestibularly-driven in 

these circumstances. Duri ng low frequency osci Ilation the phase advance of 

compensatory head velocity was found to be considerably less than that expected 

fromthe semicircu lar canal with head fixedat the sa me frequency. Thus as 

theory predicts, the vestibulo-collic reflex system, presumably because of its 

feedback mode of operation, apparently is capable of manifesting less phase 

error thcin its transducer, the semicircular canal. 

ln the response to a step change in angular velocity of the body, it 

was found that in the fi rst few seconds of the response compensatory head 

movements can make a major contribution to the ove ra 1 1 stabilization of the 

visual image by combined eye and head movements. This suggests that during 
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rapid angu lar movements of the body, compensation through vestibu larly­

controlled head movement may play an important role. During turbulent 

flight the aircraft pi lot is exposed to just such high frequency angu lar movements, 

and it might be of interest to evaluate the effect of the inertia added by the 

flying helmet on such compensation. 

The feedbac::k nature of the vestibulo-c::ollic:: system,whlch make& it &0 

fundamentally differentfrom thevestibulo-ocular system, may have important 

implications in the consideration of life in a rotating satellite. In this situation, 

angular head movement out of the plane of satellite rotation would result in 

an erroneous canal signal due ta weil known "cross-coupling Il effects. In 

the absence of head compensation, an erroneous eye response wou Id be generated, 

but this would die away with the usual time constant of cupula restoration. However 

if a compensatory head movement occurred, it would also be erroneous, and 

moreover would generate afurther, still erroneous canal signal due again to 

cross-coupling effects. It is not clear what the outcome of this would be, but 

it seems possible that a progressive bui Id-up of error could occur, leading to 

severe disorientation and inappropriate postural adjustments. 

1 nvestigation of the human vestibu lo-collic system has not been pursued 

further in this study because, while it is clear that the reflex is active in man, 

the response of human subjects was variable. It therefore seemed more useful 

to proceed to a more detai led quantitative investigation of the system in pigeons, 

in which the response is known to be more pronounced and repeatable, although 

quantitative studies and analyses are lacking. 
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CHAPTER 10 

THE HOR 1 ZONTAL VESTIBULO-COLLIC REFLEX IN THE PIGEON 

10. l INTRODUCTION 

This chapter describes studies of rotation.al head movement in the pigeon 

in response to vertica l-axis rotation of the body. The experimenta 1 approach differs 

from that of previous investigators in several respects. In particular a more refined 

method of recordJng head movement has been developed and utilized, responses 

of the same animal to severa 1 different input waveforms have been studied, and 

a start has been made on the problem of identifying the dynamic nature of some of 

the functiona 1 components of th is feed-back control system. These and other 

differences stem from a fundamenta Ily different objective. Previous investigators 

were largely concerned with demonstrating the existence of vestibular control cf 

head movement, or with inferring from this reflex response information as to the 

characteristics of the semicircular canals. In the present investigation however 

the emphasis has been on the nature of th~ reflex mechanism itself, including as 

a major objective the development of a realistic mathematical model of the pigeon 

vestibulo-collic system. The term realistic is used here in the sense that functional 

components of the model should have a sensible relation with physiological com­

ponents. Such realism, or isomorphism is essentia~ at least on an elementary 

level, if the results of animal work are to be useful in the evaluation of the 

corresponding system in man _ ln practice, lergely owing to complexities introduced 

by the occurrence of saccades, the resu Its here reported do not permit exact . 

mathematical modelling_ However they do clarify the functional characteristics 

of the vestibulo-collic response, so that a quantitative comparison of the potential 

contributions of the vestibulo-collic and vestibulo-ocular systems to visual image 

stabi lization is now possible. 

As in the case of the vestibulo-ocular system, it appears useful to 

consider slow-phase response velocity as the functiona lIy important output variable, 

and to use this as an index of the efficiency of stabilization under different con­

ditions. This parameter is easy to obtain, either by measuring slow-phase slopes 
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in the records of head position, or directly from records of head velocity, and 

has the advantage that it is familiar as a concept to most biological workers in 

this Field. Moreover it emerges that a transfer-function approach can be used, with 

restrictions, to provide a rough general description of observed input-output relations 

when slow-phase velocity is used as the output variable. 

Mention has been made in Section 7.3 of the 'possible effects of 

arousal on the operation of the system. The form as weil as the magnitude of 

the response of a feedback control system to a given input are subject to variation 

if the Iloop gain l changes. Since the brain stem forms part of the vestibulo-collic 

control loop, it may be concluded with near certainty thatarousal will have 

significant effects on system response. For this reason quantitative studies have 

been made under conditions designed to reduce arousa 1 variations as much as 

possible; such conditions being most readily achieved by minimizing non-vestibular 

sensory inputs, especially acoustical inputs, in the conscious, intact pigeon. In 

addition a brief investigation has been made of experimental preparations which 

might be suitabJe for studying the system at, different levels of arousal. 

10.2 METHODS 

Common domestic pigeons were blindfolded by closing the eyelids 

with black adhesive tape. The legs and wings were then bound with tape, and 
l 

the birds were taped in place on the turntabl,e (Table S. of Chapter 9) with the 

head a Iways over the axis of rotation. 

The primary variables recorded were table position (G
S

) and velocity 

(QS)' and head position relative to table (GH- Ga'), measured by methods described 

in Sections 9.2 and 9.3. AbsoJute head position (i .e. relative to space) (G~ was 

obtained in sorne experiments by on-line addition of table position and relative 

head position. In other experiments head veJocity relative to table (9
H 

- 9
S

) was 

obtained by on-line differentiation using a second order differentiating fi Iter 

programmed on a Pace TR-20 analog computer. 

It should be noted that head velocity and head position relative to 
. ,has 

table are so .defined that eachjan algebraic sign opposite to that of table velocity 
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and position respectively, when head moj'ion is in the compensa tory direction. 

10.3 GENERAL FEATURES OF THE RESPONSE 

Since the responseof the pigeon vestibulo-col/ic syste'm is relatively 

unknown, it seems pertinent to' present a number of i I/ustrations of the response 

and to discuss its characteristics in some detai 1. Dramatic changes in the pattern 

of head moyement occurred in response to sudden noise and hence, for the sake 

of clarity, responses which occurred in the absence of noise and other disturbances 

wi 1 1 be discussed first. 

Fig. 10-1 iJ/ustrates typical records obtained in a number of different 

pigeons exposed to sinusoidal oscillation at various frequencies in the absence 

of vision. In each record the upper trace represents head position relative to 

table (body), and the lower trace represents table position or ve locity as indicated. 

One is immediate Iy struck by the remarkab le resemblance between these responses 

and those of the vestibulo-ocular system. The saccadic pattern is superficiaJ/y 

similar, and, as in records of eye nystagmus, it is frequently apparent that a 
the 

prominent Fourier component of/position woveform is at the input frequency. Also 

reminiscent of the vestibulo-ocular response is the finding (Figs. ID-lA, 10-2A) 

that at high sinusoida 1 input frequencies compensation is very good but saccades 

are infrequent. 

On closer examination however significant differences are found between 

the responses of the two systems. In the vestibulo-col/ic responses shown in Fig. 10-1 

it wi 1/ be noted that the fundamental Fourier component (at the input frequency) of 

the head position record a Iways lags the sinusoid 'of body position, often by more 

than 90 degrees, and correspondingly lags body velocity by about 180 degrees. 

Th is is readi Iy apparent to the observer duri ng an actua 1 experiment , in wh i ch head 

nystagmus is seen to occur in the Jogging quadrant. This phenomenon is particularly 

striking in the response to a step change in table angular velocity (Fig. 10-5), and 

contrasts sharply with the corresponding phenomenon in the vestibulo-ocular system. 

ln the latter case as Jones (1964), and Mishkin and Jones (1966) have pointed Ol,Jt, 

overal/ eye deviation tends to lead head position during sinusoidal stimulation, and 
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REFLEX SYSTEM IN CONSCIOUS UNDISTURBED PIGEONS 
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Fig. 10-] (d,e) VESTIBUlO-CO lUC RESPONSES OF UNDISTURBED CONSCIOUS 

PIGEONS TO SINUSOIDAl ROTATION (EYES SHUT) 
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there is a corresponding tendency in the step response for saccadic activity to 

draw the eye in the leading direction. 

Another characteristic of the vestibulo-collic response to sinusoidal 

inputs which is unusual in the corresponding vestibulo-ocular response is exemplified 

in Fig. 1O-1E. Here saccadic activity is maximal immediately before compensa tory 

(s low-phase) head ve locity reaches zero. After this point, the "turnover" of the 

head position record, there is a fairly long interval without saccades, du ring which 

the head is carried into the opposite quadrant before saccadic activity resumes. 

This feature was rather characteristic of the responses to low-frequency sinusoidal 

inputs,although it was not always as striking as in this particular case. 

The accuracy of slow-phase tracking in the vestibulo-collic system 

at high frequencies (0.5 Hz. and above) was found to be very remarkable. In 

Fig. 10-2 are shown a number of records from experiments in which head position 

relative to space was obtained by on-line algebraic summation of the measured 

head position relative to table (G
H 

- Ga) and the table position (G
H

). Fig. 10-2A, 

obtained with an input frequency of 1.5 Hz., is)~~~ame stretch of record as 

Fig. 1O-1A, ,but -in this case the uppermost trace is head position relative to space. 

Head stabilization between saccades was almost perfect under these circumstances, 

a feature whïch is particularly striking since there was no visual input. Fig. 10-2B 

was obtained somewhat later in the same experiment when the pigeon was apparently 

more drowsYi head stabi lization was a little less precise a Ithough sti Il excellent. 

Fig. 1O-2C was obtained with an input frequency of 0.25 Hz. and in this case the 

error in slow-phase head velocity relative to space was more pronounced. The 

error increased progressively as the frequency of stimulation decreased (Section 10.4). 

Fig. 10-3 shows some examples of records in which the velocity of 

head relative to table was obtained by on-line ana log differentiation. In each case 

the slow-phase segments of the head velocity curve could be joined to form a 

fairly smooth sinusoidal curve, phase advanced relative to table velocity. The duration 

d saccadic flicks in the differentiated trace is somewhat exaggerated owing to 

the fi Itering necessary to overcome the increased noise wh ich appears upon differentiation. 

An interesting and unexplained phenomenon is noted in Fig. 1O-3C and to a lesser 
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extent in Fig. 10-3A, in which after some saccades there is a brief interval during 

which head velocity (relative to table) tends to be zero. It was at first thought that 

this phenomenon"might be due to the resistance offered by the very thin wire leading 

from the pick-up coil mounted on the pigeon's head, but it was found that changing 

the arrangement of the wire had no effect. The phenomenon was observed in a 

number of experiments a Ithough never in the high Iy aroused pigeon (Fig. 10-4). 

No satisfactory exp lanation has emerged. 

The effects of a sudden loud noise on the response to sinusoidal inputs 

are shown in Fig. 10-4. In each case the noise consisted of repetitive clapping 

or tapping lasting for the duration of the solid bar shown in each of t,he three 

records. The effect of noise 'was sudden and striking. Typically the saccades 

became very ,large and of high velocity, their frequency decreased , and the whole ' 

pattern of head movement changed as a result. The approximate sinusoid of slow­

phase head velocity became of greater amplitude, and its phase advance relative 

to table velocity tended to become less. In addition followirg the noise, it was 

frequently found that slow-phase head velocity was augmented after each saccadic 

flick (Fig. 10-4, A and B). This contrasts with records obtained in the lJndisturbed 

pigeon, in which post-saccadic velocity augmentation was not usua Ily apparent, 

but is reminiscent of vestibulo-ecular response, in which augmentation of slow­

phase eye velocity following saccades is a characteristic feature. Unfortunately 

the effect of noise was short-lived, even when the sound stimulation was continued, 

so that it was not possible to obtain a sustained response of the type occurring 

immediately after the noise. 

Typical responses of undisturbed pigeons to step changes in table 

angular velocity are shown in Fig. 10-5. In each case the responsE' begins with 

a compensa tory head movement whose velocity is very nearly equa 1 to the magnitude 

of the step change in table velocity. Following this there is a period of about 

20 sec. during which the head, while remaining in the lagging quadrant, makes 

vigorous nystagmoid movements. Slow-phase head velocity decreases gradually, 

and at the end of this period it changes sign and the head moves very slowly back 

towards its central position. During this return phase, there are typically very few 

" 
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saccades and often none at ail. The time course of slow phase head velocity during 

the slow return phase appears to be variable, but owing to the lack of recording 

resolution in these experiments, it was not possible to assess t~is return phase with 

great accuracy. 1 n Fig. 10-5C head ve locity re lative to the ~ab le is shown 

in addition to head position. The decaying time course of slow-phase head 

velocity thus illustrated is very similar in its general form to the time course 

of slow-phase eye velocity following a step change in head angular velocity. 

However as noted earlier, head nystagmus always occurs in the lagging quad-

rant whereas the corresponding eye nystagmus in the vestibulo-ocular response 

occurs in the leading quadrant. 

10.4 ANALYSIS OF THE RESPONSES OF UNDISTURBED CONSCIOUS PIGEONS 

ln four pigeons the responses to sinllsoida 1 and step changes in table 

ve locity were examined under quiet conditions, measures being taken to minimize a Il 

noise in the experimental room and in particular to avoid any sudden sharp noises. 

Before each new stimu lus a period of 1-2 minutes was allowed to permit the pigeon 

to recover from the effects of the inevitable slight noises associated with cha'nging 

the experimenta 1 conditions. 

Sinusoidal rotation stimuli used were in the frequency range 0.0065-

1.9 Hz. with amplitudes varying from 10 - 100o/sec. peak. Examples of the 

recorded responses have been shown ,in Fig. 10-1. In order to obtain a quantitative 

description of the functional efficiency of the response at different frequencies, the 

records were analyzed to find the frequency response ?f slow-phase head velocity 

in a manner analagous to that customarily used in analysis of the vestibulo-ocular 

response, the objective being to ~haracterize the response in terms of the phase and 1 

where possible, the amplitude of the sinusoid yielding'1he best fit to the sequence of 

slow",:,phase velocity segments. In three of the four experiments, in which head 

ve locity was not recorded on-line, phase a lone was measured, and this was computed 

from measurements of the distance between the points of zero table v€ locity and 

the points of zero head velocity. The results of these experiments are shown in 
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Fig. 10-6 in curves A, B, C, and CC, the two latter being obtained from the same 

animal. In the fourth experiment (Curves D and DD) head velocity relative to 

the table was obtained by on-line differentiation and recorded at the time of the 

experiment. In this case, a number of cycles of the response to each stimulus 

fl'equency were analyzed for amplitude as weil as phase shift by cyclic averaging 

of the slow-phase portions of the head ve loci ty record. The averaging was done 

graphically 1 and a sinusoid was fitted to this average by linear regression. The 

phase data from this experiment, shown·as curves D and DD in Fig. 10-6,are replotted 

in Fig. 10-7 alongwith the corresponding estimates of the amplitude ratio, that is, 

the ratio of the amplitudes of slow-phase head velocity relative to table and table 

ve locity. 

Despite considerable variabi lit Y , the phase data of Fig. 10-6 show a 

distinct tendency to cluster, and may be fitted approximately to the phase charac ... 

teristic of the transfer function 

(s) = 
2 

181. 8 Ks 

(9. Os + 1) (20. 2s + 1) 

........... . Eq. 10. l 

where K is an unknown constant and 181.8 is the product of the two time constants. 

The corresponding phase frequency characteristic is shown as a dashed line in the 

figure. Th is transfer function was obtained by iterative adjustment of the time constants 

to minimize the square error, and provides a rough fit, intended only as a crude means 

of quantitating the genera 1 trend of the data. It should be noted that the significance. 

of the long time constant (20.2 sec.) so obtained is questionable because of the 

paucity of low-frequency data. However the inclusion of this term in the model is 

necessary because phase shift in excess of 90
0 

occurred at low frequencies, and this 

cannot be explained on the basis of a simple first-order model. The gain frequency 

plot corresponding to Eq. 10.1,with K equal to 00i{, is shown in asymptotic form 

as a dashed line in Fig. 10-7, superimposed on the amplitude data from one pigeon. 

The fit at low frequencies is poor, a fact which may be attributable to individua 1 

variation, although it seems likely that in subsequent studies a more complex model 

will be required to relate phase and amplitude data. 



- o -
120 

90 

PHASE 

SHI FT 60 

(degrees) 

30 

1ro~ .,.~ ••••••••••••••••••••••••••••• 

0.01 o . 1 1.0 FREQUENCY 
(H z . ) 

FIG. 10- 6 PHASE SHIFT OF SLOW PHASE HEAD VELOCITY RELATIVE TO TABLE VELOCITY 1 N 
UNDISTURBED CONSCIOUS PIGEON, AS A FUNCTION OF SINUSOIDAL FREQUENCY. 
Phase shift is measured.,between slow-phase head velocity and table velocity. Solid lines: 
experimental results in four pigeons; dotted line: response of second order system having 
tÎme constants of 9.0 and 20.2 seconds. 

ln 
W 
o 



Sh 
~ 

153 b 

AMPLITUDE RATIO 

'·0 

/- - - - - - - - - - - -"---"7''--_'" 
DD 

0·5 

o·, '---------=0:.1..'::--. -~--------;,'-;:. O~-ï(o;:;'H~z . ) 
FREQUENCY 

PHASE SHIFT (degrees) 

o 

Fig. 10-7 

o·, '·0 (Hz.) 
FREQUENCY 

GAIN- AND PHASE-FREQUENCY RESPONSE OF THE VEST­

IBULO-COLLIC SYSTEM IN ONE CONSCIOUS, UNDISTURBED 

PIGEON. Amplitude ratio and Phase of slow-phase head velocity . . 
(GH - GS) relative to table velocity ( G

S 
). 



154 

The shorter time constant of 9.0 seconds appearing in Eq. 10. 1 may 

be accepted with less reservation as characterizing the response in most of the 

frequency range examined, and wi Il serve as a rough means of comparing frequency 

response with transient response, and in particular of comparing vestibulo-collic and 

vestibulo-ocular responses in the pigeon. Note that owing to the presence of feedback 

in the vestibulo-collic system, the time constants of Eg. 10.1 cannot be related to 

open-Ioop time constants such as those of the semicircular canal withoutr further 

knowledge of components in the feedback loop. 

De ta i led ana Iysis was made of th e responses of two pigeons to sma Il 

step changes in table angular velocity, the size of the steps varying from 28 to 56°/sec. 

Records of head position relative to table, obtained on a pen recorder, were analyzed 

by measuring the average slope during each slow-phase interval. Slow-phase vel­

ocities so calculated were normalized with respect to the magnitude of the step change 

in table ve locity, to obtain for each individua 1 step response a curve simi lar to 

Fig. 10-8. Each horizontal segment.in this curv€ corresponds to a single slow:"phase 

interval. Three su ch curves, corresponding to three step responses, were obtained 

for each pigeon, and were ensemble averaged using a time interval of one second. 

The resultant data are shown in Fig. 10-9 (dots) and are labelled A and B to indicate 

that they were obtained from the pigeons whose phase dato are corresponding'ly 

labellt::d in Fig. 10-6. The averaged step-response data were fitted to dual-exponential 

functions by the iterative least-squares method of Hazelrig, Ackerman and Roseyear (1961) 

and the results are shown in Table 10-1, and as solid curves in Fig. 10-9. 

The phas..e frequency characteristics corresponding to the transfer 

functions fitted to the observed transient responses are shown in Fig.' 10-10, super­

imposed upon the observed phase data, and the step response corresponding to the 

transfer function fitted to the observed phase data is plotted in Fig. 10-11, super­

imposed upon the observed averaged step responses. In each case the agreement 

is fairly good in the portion of the respective graph which is dominated by the short 

time constant, i.e., in the mid-frequency range (0.6 -1.0 Hz.) in Fig. 10-10 , 
and in the low-time range in Fig. 10-11. The fai lure in the low-frequency (long­

time) range is to be expected since insufficiently low frequencies of sinusoidal 
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NORMAUZED VELOCITY STEP RESPONSE OF PIGEON 

VESTIBULO-CO LUC SYSTEM - An example of data obtained by 

measuring slow-phase slopes and normalizing with respect to the 

magnitude of the ~able velocity step (30.7 o/sec in this case). 

Each horizontal segment corresponds in time to a single slow-phase 

interval. 
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Head velocity (re table) - normalized 
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Fig. 10-9 (o) PiGEON VESTISULO-CO LUC STEP RESPONSE - AVERAGED 

Dots - values obtained by averag,~ng, over one second intervals, the' 

slow-phase head velocity data From three step responses in one pigeon. 

(original data as in Fig. 10-8); Solid Unes - fitted curve, 

eH - es = 1.5 e-t
/

9 •8 - 0.51 e-t
/

17•4 • 
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Head velocity re table - normalized 
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Fig. 10-9 (b) PIGEON VESTIBULO-COLLIC STEP RESPONSE - AVERAGED 

Dots- averaged data from three step responses in one pigeon; 

5 I·d L· f· d ~ ~ 1 6 -t/7.2 0 37 -t/12.9 
o 1 1 nes - Itte curve, "H - "B = . e -. e • 
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h () = 15 -t/9.8 05 -t/17.4 _lt • e - .. e 

H(5} = 
5.35 (30.35 + 1) 

(9.85 + 1)(17.45 + 1) 

h_
1
(t} = 1.6 e-t/7.2 - 0.37 e-t/ 12 •9 

H(5} = 
7.05(16.85 + 1) 

(7.25 + 1)(12.95 + 1) 

Table 10 - 1 FUNCTIONS FITTED TO THE PIGEON VESTIBULO-COLLIC 

STEP RESPONSE OF Fig. 10 - 9. 

, 
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Fig. 10-10 PHASE-FREQUENCY RELATIONSHIPS IN THE PIGEON VESTIBULO-COLlIC SYSTEM 

Dotted Unes - phase-frequency characteristic predicted from observed step responses;. 

Solid Unes - observed phase advance of slow-phase head velocity relative to table velocity. 
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Head velocity re table - normalized 
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20 40 (sec) 
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Fig. 10-11 PREDICTED vs. OBSERVED STEP RESPONSE IN THE PIGEON 

VESTIBULO-COLLIC SYSTEM. Smooth Curve - Step response predicted 

from observed sinusoidal frequency responsei Irregul~r curves - averaged 

step response data from two pigeons. 
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stimu lotion were applied. 

The ana Iysis thus suggests that, un der the conditions ,of these experiments, 

the relationship between slow-phase head velocity (relative to table) and table 

velocity in the vestibulo-collic system of the pigeon may be modelled approximately 

bya linear dynamic system whose mid-frequency behaviour is dominated by a time 

constant of about 9 seconds and has a high-pass 'charocteristic with a high frequency 

ga in of slightly more thon unit y . The latter estimate derives from the functions 

fi tted to the observed step responses and is equiva lent to the zero-time intercept 

of the normalized step-response. It should be emphasized however that considerable 

variation undoubtedly exists both between individua Is and between the responses of 

the same individua 1 on different occasions. Such variation is exemplified in 

Fig. 10-6 and Fig. 10-7, and is expected on theoretical grounds to be greater in 

the vestibulo-collic system thon in the vestibulo-ocular system becausE' of the 

feedback which exists in the former. 

The transient and frequency response characteristics of slow-

phase head velocity in the vestibulo-collic system in pigeons are strikingly 

simi lar to the corresponding response characteristics of slow-phase eye vel-

ocity in the vestibu lo-ocular system in cats and man. It therefore becomes of 

great interest to know the value of the long time constant of the semicircuJar 

canal in the pigeon. This question is considered in the next chapter, in which 

experimental evidence from studies of the pigeon's vestibulo-ocular system is 

presented, suggesti ng that the cana 1 time constant is about two seconds in these 

birds. Thus in the undisturbed conscious pigeon the vestibulo-collic system res­

ponse seems to be extended in the low frequency direction. as compa'red with the 

response of the semi-circular canal, apparently bearing out a coniecture made on 

theoretica 1 grounds in Section 7.5. 

Further discussion of these and other experimental findings in the 

pigeon vestibulo-collic system is deffered to the end of the next chapter. 

10.5 VESTIBULO-COLLIC RESPONSE IN DECEREBRATE AND DRUGGED PIGEONS 

ln studying the vestibulo-collic response in intact conscious pigeons two 

difficulties arose, namely: (1) while it was possible to obtain a fairly steady level of 

arousal by simply minimizing the levels of acoustical noise in the surroundings, it was 
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not possible to examine the system at different levels of arousal; and (2) it was not 

possible to obtain a non-saccacadic response except with high frequency sinusoidal 

inputs. ExaminatiO"l at different levels of areusal is desirable in order to test the 

hypothesis made in SectiO"l 7.5 that areusa 1 affects loop gain and hence c losed-Ioop 

system performance, and examination of the non-saccadic response should considerably 

simplify some aspects of system identification. An investigation was therefore made 

of the effects of decerebration, ether anaesthesia and amphetamine administration, 

in order to assess the possible usefu Iness of these procedures. Three pigeons were 

used, one for each condition. 

Decerebration was achieved using the methods outlined in Section 8.5, 

care being taken to avoid damage to the prominent opti c lobes. Examination of the 

pigeon was begun about two hours after the operation, at which time bleeding from 

the operative site had apparently ceased, and the bird's condition had stabilized. 

The pigeon's standing posture was symmetrical with the body and wings held rather 

lower to the ground than usua 1. At rest the head was held deviated to the left about 

20 degrees, a finding which persisted throughout the experiment. When dropped in 

an upright position from a height of about 6 inches, the pigeons landed on its feet 

but teetered a bit before coming to a stable position. Head compensation for 

hand-held rotation about three axes was apparently normal but reduced in magnitude; 

the pigeon vomitted after vigorous multi-axis rotation. After a period with no 

stimu lation, horizonta 1 rotationa 1 inputs were appli ed on the turntable in the usua 1 way. 

Samples of the sinusoidal response obtained at this stage are shown in Fig. 10-12. 

The responses differed from those seen in intact 1 conscious pigeons in that saccadic 

head movements were less abrupt in onset and offset and of lower velocity than normal. 

Accoustica 1 noise in the room had very liUle effect on the response. Response gain 

appeared to be stable over a period of approximately two hours, during which time 

two sinusoidal frequency response runs were made. The gain and phase relationships 

between slow-phase head velocity (G
H

- Q~, recorded on-line) and table ve locity 

were measured as described in the previous section and are shown in Fig. 10-13. The 

results of the two runs are similar, and are not remarkably different from the results 

obtained in intact, conscious pigeons, althdugh the data are insufficient for any 

conclusions to be drawn on this question. A step response obtained early in thE 
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1.0~-------------------------------------------, 

0.5 ---------------AR 

0.2 

0.1~--------------~~----------------~~0--~~-0.1 1. Hertz 

O. 1 1.0 Hertz 

Fig. 10-13 FREQUENCY RESPONSE OF THE VESTlBULO-COLLIC SYSTEM IN 

A, DECEREBRATE PIGEON. AR - ampUtude ratio, and % - phase 

shift of the sinusoid describing slow-phase head velccity compared 

to sinusoidal table velocity. 
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experiment is shown in Fig. 10-14. Following these stimuli, vomitting was unin­

tentionally induced during a period of high-amplitude oscillation of the turntable, 

and subsequently the response was even less vigorous, with very few saccades. An 

example of the step response during this latter intervalisshown in Fig. 10-15;response 

is almost entirely non-saccadic, the smal,l oscillations in head position appearing on 

the record being due to head movements associated with respiration. Such movements 

were common Iy seen at low leve Is of areusa l, when the pigeon·s head was retracted 

and held very close to the body. 

The effects of ether were studied in an intact pigeon byadministering 

the anaesthetic by nose cone until the head just began to sag, following which the 

response to turntable rotation was examined and compared with the pre-anaesthetic 

response. Segments from a record of the sinusoida 1 response before and during the 

recovery from anaesthesia are shown in Fig. 10-16,and velocity step responses before 

and after ether are shown in Fig. 10-17. Immediately after ether (Fig. 10-16) saccades 

were a Imost entire Iy absent, and the response magnitude was low. Saccades reappeared 

gradually in a IIblunted ll form and became progressively larger and sharper as the 

effect of ether wore off. The changes are reminiscent of the response variations 

which occur in the vestibulo-ocular system with different levels of ether anaesthesia 

(Sugie & Jones, 1966). 

ln a third pigeon Metamphetamine (1 mg.) was administered intraperiton­

ea Ily after a control recording of the response to sinusoida 1 rotation at various fre­

quencies. Following the injection there was no apparent change in the response 

of the undisturbed bird to sinusoidal oscillation, but it became very irritable/so that 

slight noises in the room would evoke violent head-shaking behaviour, apparently in 

an attempt to dislodge the pick-up coi 1 mounted on the head. Such head-shaking 

occurred occasiona Ily in norma 1 pigeons, but on Iy after considerable provocation. 

Thus amphetamine appeared to result in wider fluctuations in are usa 1 than weredis­

played by normal animais, suggesting that the drug is unsuitable tor achieving a 

sustained high-Ievel of arousal in pigeons. However the drug has been used successfully 

for th is purpose in cats (Crampton, 1962), and the possibi lit Y of its use in birds should 

not be discarded without further study •. , 
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SACCADIC RESPONSE OF THE VESTIBUlO-COlUC SYSTEM 

IN A DECEREBRATE ,PIGEON TO A STEP CHANGE IN BODY 

ANGULAR VElOCITY. 
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BODY VELOCITY 

. i·. 

HEAD POSITION RE 

Fig. 10-15 NON-SACCADIC RESPONSES OF THE VESTIBULO-COLLIC 

SYSTEM IN A DECEREBRATE PIGEON. 

The persistent, low-amplitude, <DSci-'lllltory head movements were 

associated with respiratory movements. 
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(A) BEFORE ETHER 

Fig. 10-16 EFFECT OF ETHER ON VESTIBULo-CO LUC RESPONSE OF BLlND­

FOLDED PIGEON. A - before ether;. B-D - records made l, 5 and 9 

seconds after ether administration, showing disappearance and reappearance 

of saccades. 
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(D) 9 min AFTER ETHER 

Fig. 10-16 (continued) VESTIBULO-COLLIC RESPONSE IN PIGEON -- EFFECT 

OF ETHER. 
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Fig. 10-17 EFFECT OF ETHER ON THE RESPONSE OF THE VESTIBULO­

COLLIC SYSTEM IN A BLlNDFOLDED PIGEON TO A STEP 

CHANGE IN BODY ANGULAR VELOCITY. 

The small residual oscillations in the latter portion of the head pos­
ition record in (B) were persistent, and appeared to be related to 
respi ratory movements. 
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The results with ether anaesthesia and decerebration are more encouraging, 

and it seems clear from the experiments described that these procedures wi Il be 

usefuL in future studies. Both anaesthesia and decerebration appear to result in 

reduced system gain and reduced saccade amplitude. Of the two, decerebration 

is perhaps the most promising since it yields a more stable preparation. 



CHAPTER Il 

PIGEON VESTIBULO-OCULAR RESPONSE AND THE ESTIMATION OF 

SEMICIRCULAR CANAL PARAMETERS 

11. 1 INTRODUCTION 

159 

It is evident from the experimental and theoretical studies described 

above that in order to understand the operation of the vestibu lo-collic system and to 

appreciate its functional role,it is essential to have reliable knowledge of the dynamic 

response characteristics of the semi 7ircular canals in the species under study, in 

this case the pigeon. At the present stage it is particularly important to know the 

long time constant (of cupular restoration) of the pigeon's horizontal canal. Two 

previous estimates, by Mayne (1950) and Schierbeck (1953), are to be found in the 

literature, but these must be rejected on theoretical grounds. An experimental study 

has therefore been made of the vestibulo-ocu lar response in the pigeon, yielding 

a new and more realistic estimate of the desired parameter. 

Schierbeck (1953) attempted to estimate the long time constant of 

the pigeon horizontal canal using the method ofcupulometry (see Section 3.4.3) 

applied to observations of head nystagmus. He measuredthe duration of post-rotational 

head nystagmus in a hooded pigeon in response to step changes in turntable velocity 

ùf various magnitudes, and plotted the logarithm of the step magnitude as a function 

of the duration of nystagmus. The results were somewhat irregular and he does not 

quote an average va lue for the "ti me constant" so obta ined. As pointed out in the 

theoretical discussion of Section 7.5, the time constant of the canal cannot be obtained 

in this way from a system such as the vestibulo-collic reflex in which the canal operates 

in a feedback path. 

The estimate of Mayne (1950) is based on ana Iysis of observations made 

by Mowrer (1935) who recorded the latency of onset of head movements in 

pigeons exposed to step changes in angular acceleration. Mayne assumed that 

there was a threshold cupula deviation below which no reflex response would 

occur, and argued that the onset of head movements in Mowrer's experiments could 

therefore be interpreted as indicating the time when the cupula reached this thres-

hold deviation. From the torsion pendulum model he derived anequationrelating the 

latency to the magnitude of the acceleration stepand fitted this to Mowrer's data, obtai ning 
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a value of 8.3 seconds for the long time constant. 

The va lidity of the ana Iysis depends on the nature of the threshold effect. 

If, as Mayne assumed, there is a true threshold in the mechanical-to-neura 1 trans­

duction then his analysis is quite valid. However since the majority of primary 

vestibu lar neurones appear to have a resting discharge (Groen, Lowenstein & Vendrik, 

1952) it is hard to see how a true threshold effect can exist, there being little to 

distinguish zero cupula deflection from any other position. It seems likely that what 

appears to be a threshold effect is really due to the problem of resolving signal from 

IInoise" (See Chapter 4). If this is true Maynels analysis must be rejected since the 

latency measured by Mowrer must then be regarded as reflecting dynamic character­

istics of the vestibulo-collic system as a whole. Here again, since the canal exists 

in a feedback path in this sytem, the dominant time constant of the overall system 

cannot be' equated with the cana 1 time constant. In fact, Mayne IS estimate, and 

estimates made in the manner of Schierbeck, are more properly regarded as estimates 

of the dominant time constant of the closed-Ioop vestibulo-collic system. The fact 

that Mayne's time constant (8.3 sec) is so similar to the 9.0 second time constant of Eq. 10.1 

is thl:lS èasily explaineèl. 

As discussed in Chapter 3 the short time constant of the semicircular 

cana 1 is probably so short in most anima Is that its va lue cannot be estimated by 

ordinary experimental methods in live animais, but only by calculation From 

physical dimensions and properties. This appears to be the case in the pigeon as weil. 

A recent estimate is that of Money, SokoloH and Weaver (1966) who made careful 

measurements of canal dimensions and endolymph properties, and found the ratio of the 

effective moment of inertia of the endolymph to the coefficient of viscous retardation 

to be 1/360 sec. for the horizonta 1 semicircu lar cana 1 of the pigeon. According to 

the conventional mode 1 of the canal (Chapter 3) this ratio is almost exactly equal to 

the short time constant. The resu It implies that a one degree per second step change 

in head angular velocity would result in a peak relative displaceme,nt of the endolymph 

of one second of arc. 

ln the experiments to be described below.,eye movements were recorded in 

blindfolded pigeons exposed to sin.usoidal and step changes in head ~ngular velocity. 
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An estimate of the long time constant of the semicircular canal was obtained by 

analysis of the relationship between slow-phase eye velocity and head velocity, 

in what has become a fairly conventional manner. However, it might weil be argued, 

especially in view of the theoretical anaJysis of Chapter 5, that slow-phase eye 

velocity is not necessarily as closely related to the canal signal in the bird as it 

appears to be in the cat, and that such an estimate cannot be accepted without 

corroboration. Hence, in addition, pigeon vestibu lo-ocu lar response has been 

carefully examined from the standpoint of the Sugie-Jonesmodel discussed in 

Chapter 5, and a new method of ana Iyzing vestibu lo-ocu lar response has been de­

veloped to provide an independent check on the results of the conventional analysis. 

This chapter contains in additiona brief account of experiments in which 

eye movements,and the electical activity in neck muscles, were recorded simul­

taneously in pigeons during rotati01 showing a close relationship between vestibulo­

ocular and vestibulo-collic systems. 

11.2 METHODS 

Eye movements were recorded in four pigeons during sinusoidal rotational 

osci Ilation and in response to step changes in rotationa i velocity in the horizonta 1 

plane. Pigeons were anaesthetized with ether, tracheotomized, and placed in a 

hecid holder (David Kopf Instruments, Type 1404 Steréotaxic Instrument) with the 

head over the axis of rotation. The eye-lids were closed with adhesive tape, and 

the head was held in the normal resting position, withthe beak tilted slightly down­

wards. Light ether anaesthesia was maintained throughout the experiments. Eye 

movements were recorded by D.C. electro-oculography using special electrodes. 

Details of electrode and anaesthetic techniques are described in Chapter 9. 

Precise calibration of eye movement recordings was not attempted, but rough visual 

estimation indicated that eye excursions were of the order of 10-15
0 

peak. Records 

of table ve locity, and of eye position relative to the head were obtained on a pen 

recorder (Bandwidth DC to 20 Hz) after suitable amplification. 
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11 .3 GENERAL FEATURES OF THE RESPONSE 

The form Qf recorded eye movements was variable, a fact presumably 

due in part to the varying level of anaesthesia. A number of records illustrating 

the observed variability are to be found in Fig. 11-1, which shows velocity step 

respo~es, and in.Fig. 11-2, showing sinusoidal responses. The smooth curves in 

each case represent head velocity, and the irregular nystagmoid curves indicate 

eye position re lative to the head. Ali eye-movement records are to some extent 

contaminated by electrical interference, attributab!e principally to the fact that 

the small E.O.G~ potentials were taken through sliprings before amplification. 

Variations in frequency and amplitude of the saccadic flicks of eye 

position were noticeable in ail records, as in those illustrated. The variation was 

particularly prominent in records of the ve locity step response, there being a tendency 

for the amplitude and frequency of saccades to decrease with time following the step 

input. A similar decline is commonly observed in the responses of human subjects and 

cats (Sugie & Jones, 1966). 

·It is interesting to note in the response of one pigeon (Fig. 11-1, A) 

the occurence of very rapid saccades, (about 10 per second) with high slow-phase 

velocities, appearing in the initial portion of the response to a large step change 

in head ve locity. As these rapid, large saccades occur it wi" be seen that there 

is in these two records a tendency for the overa Il position of the eye to deviate in 

the anti -compensa tory direction. Such anticompensatory deviation of overa" eye 

position is a usual finding in man, during many forms of vestibular stimulation 

(Fenn & Hursch, 1937; Jones, 1964; Mayne, 1965; Mishkin & Jones, 1966). However 

in records of pigeon vestibulo-ocular response recorded to date the opposite tendency 

seems to be the genera 1 ru le, i. e. the eyes tend to show e i ther no ove ra 1/ devia ti on 

or deviation in the compensa tory direction. 

11.4 CONVENTIONAL ANALYSIS OF PIGEON VESTIBULO-OCULAR RE­

SPONSES 

Records of the sinusoidal response of the vestibulo-ocular system were 

obtained in four pigeons. Typica 1 response patterns during horizonta I-plane rotationa 1 
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oscillation of head and body appear in Fig. 11-2. Records obtained at stimulus 

fre'quencies ranging From 0.008 to 2.9 Hz were analyzed for the phase shift of 

compensatory eye velocity relative to head velocity. Owing to the irregularity 
- \ 

observed in many records, measurements of slow- phase eye velocity did not lead 

to useful results except in a few cas"es, and hence it was not possible to obtain 

adequate data on· the variation of input-output amplitude ratio with frequency. 

However 1. the points of zero slow-phase eye velocity could be identified with reason­

able accuracy in a lmost e~ery cycle of the recorded responses. In a given cycle 

the time. interva 1. between this point and the point of zero table velocity provides 

a measure of phase shift, which has been used previously (Niven & Hixson, 1961; 

Sugie & Jones, 1966 ) and is discussed theoretica Ily in Chapter 5. 

The resu Its of such phase measurements are shown in Fig •. 11-3, in which 

phase shift (degrees) is plotted against the logarithm of stimulus frequency (cycles 

per second). Phase angles shown represent the phase shift between actual slow­

phase eye velocity and the required eye velocity, the latter being taken as equal 

to head velocity but of opposite sign. The four solid curves in the Figure summarize 

the experimenta 1 findings in four pigeons, each point being the average of 

measurements From between 5 and 50 cycles. The experimentally determined phase-
, 

frequency relationshipsare reasonably consistent, and show phase advance of slow­

phase eye velocity relative to head velocity ,at low frequencies, with decreasing 

phase shift at higher frequencies. 

ln two pigeons, phase advance in excess of 90
0 

was observed at low 

frequencies, a finding consistent with the adaptation model of the vestibulo _~C.tHCLr 
system proposed independently by Young (1968) and by Malcolm and Jones (1969). 

The data were therefore fitted to su ch a mode 1 by the iterative least-squares tech­

nique described in the previous chapter. The resu It is shown as a smooth curve in 

Fig. 11-3, and corresponds to the transfer function, 

Ks
2 

G(s) = 
('2.5s + 1)( 71s + 1) 

1 
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The long time constant so obtained (71 seconds) is an approximate estimate on Iy, 

owing to the paucity of low-frequency data, but one may have reasonable con­

fidence in the estimated value of the short time constant (2.5 seconds) which corre­

sponds in Young1s model to the long time constant of the canal. 

The ocu lar response to step changes in the angu lar ve locity of the head 

was examined in three pigeons, and the graphical records were analyzed by measuring 

the mean slope du ring each slow-phase interval. For each pigeon, values so ob­

tained from two consecutive step responses (one in each direction) were averaged 

in the manner previously described (Section 10.4), and the averaged data were 

fitted to exponentia 1 functions by the method of Hazelrig et al. (1961). The raw 

data and the corresponding fitted curves are shown in Fig. 11-4 A, Band C, the 

letters indicating in each case the response of a pigeon whose phase-frequency data 

are simi larly designated in Fig. 11-3. In cases A and C, since the duration of 

recording following the respective step inputs was short (23 and 13 seconds respectively) 

and there was little overshoot, the data were fitted to single-exponential functions. 

The fitted time constant was 2.5 sec. in case A, and 1.9 sec. in case C. In case 

B recording was conHnued for 60 seconds, and a dua 1 exponentia 1 function was 

fitted, having time constants of 2.0 and 11.0 seconds. 

Inadequacy of data in the low frequency range is a problem in in­

terpreting the results of both sinusoidal-response testing and transient-response testing. 

Neverthe less the resu Its from both forms of stimu lati on suggest that the system response 

in the frequency range from 0.05 to 2.0 Hz. may be explained as resulting from a 

dominant time constant of about twq seconds duration. According to c lassica 1 

concepts of the vestibulo-ocular system it therefore seems reasonable to propose 

that the long time constant of the pigeon semicircular canal has a value of approx­

imately two seconds, and not eight seconds as estimated by Mayne (1950). 

The next section of this chapter is devoted to an examination of the 

Sugie-Jones mode 1 as it applies to the pigeon vestibulo-ocular system. The results 

support for the case of the pigeon the classical method of estimating the canal time 

constant from observations of slow-phase eye velocity , so that the va lue of two 
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seconds obtained in this section emerges as a confident estimate of the canal time 

constant in th is an ima 1. 

11.5 PIGEON VESTIBUlO-OCULAR RESPONSE AND THE SUGIE-JONES 

MODEl 

The Sugie-Jones model of the vestibulo-ocular system has been discussed 

at length in Chapters 5 and 6 and the reader is referred to that Chapter and especially 

to Figs. 5-1 and 6-1 for details of the model. The basic feature proposed by 

Sugie and Jones (1966) is that the vestibulo-ocular system may be regarded as con­

taining a low-pass filter (called the lIeye-centering filter ll in Chapter 5), whose 

output is eye position and which receives as input a continuous signal proportional 

to cupula deflection, and also a train of pulses, each pulse being responsible for 

the occurrence of a single saccade. Sugie and Jones found that in the cat the fi Iter 

cou Id be approximated as a 1 inear first order system with a time constan t of one second. 

After making certain assumptions as to saccadic pulse frequency and amplitude, these 

authors showed that under certain conditions the pattern of eye movement in the cat 

could be such as to yield a proportional relationship between slow-phase eye velocity 

and canal signal over a wide range of input conditions. This relationship has commonly 

been token for granted, and the Sugie-Jones mo~el gives qua lified support to the 

assumption, for the case of the cat. The ana Iysis of Chapter 5 however indicates 

that consiqerable divergence From this relationship could readi Iy occur even in the 

cat, and suggests that in other animais it i~ unwise, in the absence of supporting 

evidence, to make inferences as to semicircu lar cana 1 behaviour From vestibu 10-

ocular response characteristics without studying the nature of the vestibulo-ocular 

system. To this end the pigeon vestibulo-ocular response has been examined from 

the point of view of the Sugie-Jones mode l, the characteristics of the low-pass 

"eye-centering" filter in the pigeon have been identified, and a method has been 

developed to compu,te both the fi Iter time constant and the phase and relative 

amplitude of the semicircular canal signal from a record of the vestibulo-oculor 
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response toa sinusoidal input. 

The simp lest and most direct way of measuring the fi Iter ti me constant 

of the Sugie-Jones mode 1 is to examine the time course of eye movement following 

a spontaneous saccade (Sugie & Jones, 1966), Onlya few such saccades were 

observed in the present experiments and these are shown in Fig. 11-5. The relevant 

portions of these curves were fitted graphically and found to be adequately explained 

as single exponentia 1 decays. Time constants so obtained ranged from 0.20 to 

. 0.46 seconds (Fig,' 11-5) 

Sugie and Jones (1966) also estimated the filter time constant by analysis 

of responses to rotational stimulation when saccadic activity was completely suppressed 

by ether anaesthesia. Such investigation was not feasible in the pigeon since 

complete saccadic suppression could on Iy be achieved by using letha 1 or near-Ietha 1 

dosage of the anaesthetic, 

It was therefore necessary to devise a new method for determining the 

time constant of the eye centering mechanism, a computational method being chosen 

because of the nature of the data available, The method as it presently exists 

is implemented on a digital computer, and is suitable for determining in a least 

squares sense the coefficients and exponents in an expression of the form 

y = C 
o 

+ Dl cos wt + D
2 

sin wt 

in which the frequency w of the sine and cosine terms is known, The fitting pro­

cedure is based on Prony'&- method (Hi Idebrand, i956) and is applicable to data 

spaced equally in time. The dataarefirst fitted to a form of difference equation 

to determine the exponents {ai}' and the coefficients are subsequently obtained by 

linear regression. A complete description of the method is lengthy and is deferred 

to an Appendix. 

A most important feature of the method lies in the fact that the ex­

ponents {ait are determined first, independently of the coefficients{C
i
} so that it 
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is possible to evaluate the exponents even when there exist jump discontinuities 

in the magnitudes of the exponential coefficients or when these coefficients are 

undefined for short intervals. The coefficients must however remain constant between 

the discontinuities, and the time at which these changes occur must be known. The 

reader wi Il recogn ize from the discussion of Chapter 5 that the sinusoida 1 response 

of the Sugie-Jones mode 1 fu Ifi /ls a /1 these requirements. During each slow-phase 

interval the response is of the form 

= Eq. 11-1 

Each saccade results in a sudden change in the value of Al' but the other parameters 

al' Dl and D
2 

remain constant. For the purpose of fitting to actual data, the 

coefficient Al is regarded as undefined for the duration of the quick phase movemert. 

Three segments from the sinusoida 1 response of one pigeon were ana Iysed 

in this way. Each segment contained one or more cycles of the response, and was 

manually converted to digital form from a graphical record at intervals of 0.1 to 

0.2 sec. The results are shown in Fig. 11-6. In each record the fitted curves are 

indicated by solid lines, and the original digitized data by dots. The fit obtained 

is excellent in some slow phase intervals, but rather poor in others. The inconsis­

tency may result in part because of the crude method of digitizing the records. The 

time ponstant of the eye-centering filter mechanism (T
3 

= 1/a
1
) obtained from these 

records varies from 0.21 to 0.71 sec., thus confirming the estimate obtained above 

from ana Iysis of spon taneous saccades. 

Other information of considerable interest is avai lable from these 

results. The sine and cosine terms in Eq. 11-1 define a single sinusoid which according 

to the Sugie-Jones mqdel (Chapter 5) should be equal to the position output of the 

continuous pathway, i.e. 

y 1 (t) = Dl cos ("lt + D
2 

sin ("lt 

= Al sin ("lt + Ct1 ) 



167 a 

\ VI!;:"'" \\\....--/Â\V 1 f'. \ 
\ o.. 1 -"\. ,f ~ ~ • 

o 0 

A 
1 sec 

\\\ Ll/(f\ \ \ V f r F\ \\ \.; 
B • 2 sec .. 

~ 

2 sec 

Fig. 11 - 6 RESULTS OF CURVE-FITTING TO RECORDS OF PIGEON 

VESTIBULO-OCULAR RESPONSE. Dots - values read from records of head 

position re body during sinusoidal rotation of the body (eyes shut) at 0.26 Hz.(A), 

0.17 Hz.(B), 0.083 Hz.(C). Solid lines - curves fitted by the method of 

Section 11.5 . 



where 

= (D 2 
1 + 

1/2 
D 2) 

2 

is the amplitude ration y 1/9H, and 

168 

is the phase shift of continuous-pathway position output relative to head velocity. 

The contribution of the eye-centering fi Iter mechanism to this amplitude ratio and 

phase angle may be calculated, and by appropriate manipulation one directly 

obtains values for the amplitude-ratio and phase shift of the canal signal relative 

to head velocity. The amplitude ratio so calculated will contain as a multiplicative 

factor the continuous pathway gain K
1

, which remains unknown, but this will not 

affect the usefulness of the amplitude-frequency relationship for determining dynamic 

parameters of the cana 1. 

ln the present ana Iysis the frequency range i nvestigated is insufficient 

for the amplitude data so calculated to be very meaningful. The calculated phase 

shifts may however be compared to the phase data presented in Section 11.4. This 

comparison is made in Fig. 11-7, in which the lines indicate the phase data of 

Fig. 11-3, obtained in the manner of Niven and Hixson (1961) and the closed 

circ les represent phase shifts computed from segments of the records from one pigeon. 

The agreement is c,uite good, although it must be emphasized that complete agreement 

would be surprising from a theoretical stand point. Even if the pigeon vestibulo­

ocular system did conform to the critical assumptions regarding saccade frequency 

and amplitude which are the basis for the detailed frequency response calculations 

of Chapter 5, the observed phase shift of mean slow-phase eye velocity as assessed 

in Section 11.4. would only be identical to the phase shift of the canal signal for 

a single critical value of the gain ratio K
1
/K

2 
of the Sugie-Jones model. 

The fitting procedure discussed in this section offers the possibility 

of estimating the time course of the canal signal from records of saccadic vestibulo­

ocular response without the necessity of making any assumptions regarding the 

amplitude and frequency of saccades. The method can easily be generalized to 
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deal with inputs which are not sinusoidal, or to more complex filter mecha'nisms, 

provided measurement and recording accuracy and resolution are adequate. More­

over the analysis of records of nystagmus by this method could fairly easily be 

completely automated provided saccades are reasonably abrupt. For this purpose 

it wou Id on Iy be necessary to detect the occurrence of each saccade, and using 

some suitable criterion cause data points corresponding to the quick phase in-

terva Is to be disregarded in the computation. Such complete automation 

however would result only in a relatively trivial further increase in the speed of 

ana Iysing the records. Far more important is the potentia 1 increase in the amount 

of information which could be gained from the records. It wi Il be evident to the 

reader that the method has not yet been fully exploited. 

11.6 SYNCHRONY OF PIGEON EYE MOVEMENT WITH NECK MUSCLE 

ACTIVITY 

During investigation of the vestibulo-ocular system, in which pigeons 

Were exposed to rotationa 1 stimulation with head fixed to the turntable, it was not~d 

that there were muscular movements of the neck whose o~currence was related in 

time to that of the ocular saccades. To record this phenomenon objectively, neck­

muscle activity was registered electromyographically in three pigeons while sim­

ultaneously recording eye movement in the manner described above. One such 

record is shown in Fig. 11-8, the traces shown representing eye position, table 

velocity and neck EMG respectively, from top to bottom. The recorded EMG was of 

the multi?le -unit type, obtained using a concentric electrode placed in the \eft . 

Redus Capitis Anterior Minor. This musc le originates on the anterior surfaces of 

the upper cervica 1 vertebrae, and inserts near the occipÎta 1 ridge, S') that activity 

in the muscle is associated with a torque causing head rotation to the right when 

viewed from above. It wi Il be seen from the record that neck musc le activity is 

synchronized with eye movement towards the right during both quick and slow phases. 

The precise time relation between EMG activity and eye motion 

differed slightly with changes in electrode position, and when activity in neighbouring 

musc les was examined. Su ch differences are to be expected as a resu It of differing 
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muscle geometry and are not of particular concern here. The point to be ' 

emphasized is that in ail cases examined the burstsof neck muscle activity were 

always consistently related to the cycles of saccadic and slow-phase motion of 

'the eye. This strongly suggests that vestibularly-controlled eye and head saccades 

are generated by closely related mechanisms, if not by the same mechanism. 

This conclusion is hardly surprising, as pointed out in SectiOl 9.2.1 

in connection with the simultaneously recorded eye and head movements in human 

subjects, since uncoordinated saccadic movements of head and eyes would be 

de tri men ta 1 to visua 1 image stabi lization. It will be noted however that wh i le 

in the pigeons examined there was a one-to-one relationship between eye saccades 

in one direction and the burstsof neck muscle activity, in man (Fig. 9-3) there 

were rather more eye saccades than head saccades. Th is may be due to the fact 

that the quick phases of head movement in man were of rather long duration, since 

usua Ily slow-phase head movements in the human case were not interupted by eye 

saccades. On the other hand it must be noted than in these pigeon experiments, the 

vestibulo-collic system was operating in an open-Ioop mode, since no head 

movement relative to the table could occur as a result of the recorded muscle 

activity. It is not yet c1ear what effect such restriction of head movement has on 

the timing of saccadic neck muscle activity. 

Thus it has beendemonstrated that in the pigeon, with head-on-body 

movement prevented, there is synchronous saccadic activity in the vestibu lo-ocu lar 

and vestibulo-collic systems, a finding which has considerable significance both from 

a functiona 1 point of view and a Iso from the point of view of future studies of saccade 

generating mechanisms. In addition, the fact tbat active contraction of neck muscles 

duril1g vestibular stimulation continues to occur when head motion is totally re-

: stricted means that it should be possible/by recording isome~ric neck-muscle torque, 

to study the vestibulo-collic system quantitatively in this open-Ioop mode. Such 

studies will probably be valuable in attempts to identify the systemls dynamics, 

although it will of course be necessary to take into account the altered proprio­

ceptive feedback From neck muscles which will result from the restriction of head 

movement. 
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11.7 DISCUSSION OF EXPERIMENTAL RESULTS IN PIGEONS 

Detai 1 ana Iysis of experimenta 1 data from the pigeon vestibu 10-

ocular system yields a fairly consistent picture of the function of this 

system, and values for sorne of the important dynamic parameters may be 

stated with confidence. Conventional analysis of the response, that is, by 

evaluating the relationship between slow-phase eye velocity in the responses 

to sinusoidal and step changes in the latter suggest that the long time con­

stant,of the pigeon's horizontal semicircular canal is about two seconds. In 

order to check the validity of this method of analysis, pigeon vestibulo-

ocular response has been examined from the standpoint of the Sugie-Jones 

model. It seems highly probable that the basic features of this model exist 

in the pigeon as in the cat, with a filter time constant of about 0.5 sec. in 

the pigeon. The ratio of the cana 1 time constant to the "eye centeri ng" 

filter time constant is thus about the same in the pigeon (2.0/0.5) as in the 

cat (4.0/1.0), and it appears Iikely on this basis alone that slow-phase eye 

velocity in the pigeon is closely related to the canal signa~at least for input 

frequency components of up to about one cycle per sec. The new computational 

method described above for the ana Iysis of vestibu lo-ocu lar responses offers the 

possibility of evaluating this relationship in greater detail. There is no evidence 

from these experiments for a significant contribution by the short time constant 

of the semicircular canal in the frequency range investigated. This time 

constant is therefore taken to be 1/360 sec. as calculated from canal dimensions 

(Section 11.1). Adaptation type phenomena are proposed to explain the large 

phase advance of slow phase eye velocity at very low sinusoidal input frequencies 

and the overshoot in the step response, but the exaét nature of adaptation 

dynamics remains unclear. These findings and postulates are summarized in 

Fig. 11.9 in a block diagram of the pigeon vestibulo-ocular system. It should 

be noted that Youngls model for adaptation dynamics has been used implicitly in 

curve fitting to the experimental data and is included in the model for this reason, 
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although it seems unlikely that this will prove to supply a full explanation 

of these effects. 

ln undisturbedconscious pigeons, it has been shown (Chapter 10) 

that there is an approximately Iinear dynamic relationship between slow­

phase head velocity and the rotational velocity of the body in the horizontal 

plane. In the frequency range examined (0.01 to 2.0 Hz) this relationship 

may be described approximately bya second-order low-pass model, 

. having time constants of approximately 9.0 sec. and 20 sec., the former being 

dominant in this frequency range. It has been pointed out that, owing to the 

c()l1lplexity of the closed IQop vestibulo-collic system, it is not possible to make 

any functional interpretation of these time constants in terms of, for example, 

the relationship of one or other to the long time constant of the semicircular 

canal. However this simple model makes possible a direct quantitative compar-. . 

ison of the functional characteristics of the vestibulo-collic and vestibulo-ocular 

systems in the frequency range examined. The relationship between slow-phase 

response velocity and input velocity is very similor in its general form, showing, 

in the frequency domain, a low-pass characteristic in both cases. The dominant 

time constant is two seconds in the case of the vestibulo-ocular system and eight 

to nine seconds in the case of the vestibülo-collic system, a difference which 

from the functional point of view is considerable. Thus the input sinusoid which 

yields a just-tolerable phase advance (say SO ) in the vestibulo-collic response, 

would have four times the periodic time of the sinusoid producing -simi lar error in .. 
the vestibulo-ocu lar resp~>nse. Moreover it shou Id be rernembered that quantitative 

investigation of the vestibulo-collic system was made under conditions of rather 

low arousal •. There rernains a distinct possibility, sùggested by the observed effects 

of noise on system response, that under conditions of increased arousa 1 the low 

frequency response of the vestibulo-collic system might be even further extended 

as a result of increased loop gain. Such an extension might be of considerable 

survival value in birds when flying in turbulent air with poor visibility, since the 

inertial head stabilization capabi Iity offered by the vestibulo-collic system might 
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then be usefully employed for short term inertial guidance. 

The possible effect of arousal variation on the response of the vestibulo­

coUic system has been exami ned both theoretica Ily and experimenta lIy, and 

emerges a most interesting topic for future investigation. From a, theoretical 

standpoint it has been pointed out that variations in the level of arousal must 

almost certainly result in changes in the loop gain of the system, and may thus 

be expected to cause changes in the dynamic parameters (e.g. time constants) 

of the closed loop response. Experimentally, the vestibulo-collic response in 

the pigeon has been found to be very susceptible to the level of environmental 

noise, although it has not been possible to achieve a sustained increase in the 

level of arousal by this means. Of the operative and pharmacological methods 

tested as means of obtaining steady increase or decrease in the level of arousal, 

the method of decerebration appears to be the most promising, particularly 

because it appears possib le to mai ntai n such preparati ons for severa 1 days or weeks. 

However ether anaesthesia appears attractive for another purpose, namely that of 

obtaining a completely non-saccadic response from the vestibulo-collic system. 

A difficulty in this case is to maintain a steady level of anaesthesia, but if this 

problem con be overcome the technique may be very useful in providing data 

with which t.o test a non-saccadic model of the system. Such a model would be 

relatively simple to develop since the mathematical difficulties resulting from the 

i ntroducti on of saccades wi th in a c losed loop wou Id be el i m i nated . Th is wou Id 

considerably simplify analysis of sorne relatively inaccessible components of the 

feedback loop such as neural and neuromuscular elements. 

The question of saccade generation is of great interest in the vestibulo­

collic system; as in other systems involved in stabilization of the visual image. 

Saccadic mechanisms in the vestibulo-collic and vestibulo-ocular systems in the 

pigeon have been shown to be very closely related (Section 11.6) and a similor 

observation has been made in man (Chapter 9) although in the latter case the 

relationship is not so clear, perhaps because of the relatively slow time course of 

head saccades in man. It seems reasonable to expect that saccadic mechanisms 
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in the visual tracking system are also closely related, since incoordinate 

saccade generation in the vestibulo-ocular and visual tracking systems would 

result in highly inefficient performance. To date, quantitative studies of 

saccade-generation mechanisms have largely been confined to the visual 

tracking system, in the studies of Young and others (Young, 1962; Young, 

Forster & van HoutTe, 1968). Young has been particularly concerned with 

stochastic and other variations on the regular sampling theme, although 

schemes such as these seem less plausible from a biological point of view 

than adaptive sampling schemes, such as that proposed by Sugie (1968), in 

which the amplitude of saccades and/or the interval between them is somehow 

dependent on relevant system variables, such as the tracking error. The 

theoretical studies of optimal saccade placement and timing in the vestibulo­

ocular system, described in Chapter 6, are particularly. emphatic in suggesting 

that variations in these saccade characteristics are far from being random, but 

rather are strategically-varied so as to optimize system response. Intensive 

study of saccade-generation mechanisms in the three systems mentioned is 

necessary before it wi Il be possible to understand how they function cooperative Iy 

in normal life. At the present time it seems most profitable to study these mech­

anisms in the isolated systems, and a useful approach, at least in the vestibulo­

ocular and visual tracking systems in which mathematical models are avai lable, 

wou Id appear to be through simulation of a number of plausible saccade-gener­

ation schemes to find which one or ones most nearly duplicate the observed pattern 

of response for a wide variety of input waveforms. However a study of the isolated 

systems must eventually lead to a study of combined system operation.and it seems 

advisable to think in terms of defining ultimately a single saccade-generation 

mechanism involved in the operation of ail three systems. 
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(i) Current knowledge and understanding of the vestibular sensory 

pathway has been reviewed with emphasis on the nature and transmission of 

semicircular canal information, and the potential for information processing 

at vari ous leve Is • 

(ii) On the basis of existing neurophysiological data (Shimazu & 

Precht, 1966) it has been proposed that a mechanism for selective attenuation 

of high-frequency components in the "emicircular canal signal exists in certain 

neural elements in the vestibular nuclear region. 

(iii) A mathematical model of the vestibulo-ocular system, proposed by 

Sugie and Jones (1966) and incorporating two pathways ('saccadic ' and 'continuous ' ), 

has been examined theoretically, with the following results: 

For a certain 'idea!' ratio of the gains in the saccadic and continuous 

pathways of the model, for which it has previously been shown that 

the error between predicted slow-phase eye velocity and canal signal 

is minimized, it has here been shown that the extent to which the eye 

deviates From its central position during vestibular stimulation is also 

minimized, a desirable feature physiologically. 

For values of the gain ratio slightly different from the 'idea!' value the 

model may offer an explanation of some previously unexplained pheno-· 

mena. However, 

Model performance, judged in terms of the degree to which velocity 

error and maximum eye deviation are minimized, deteriorates rapidly 

when the gain ratio is varied from its 'ideal ' value. 

(iv) A theoretical study has been made (in collaboration with U. Wettstein) 

of the optimal amplitudes and occurrence times of saccadic flicks of eye position 
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in the vestibulo-ocular system, in an attempt to uncover an explanation for 

the apparently erratic variations in these parameters which are observed 

experimentally. Working From the axiom that evolutionary development of 

a system is equiva lent to optimization of functiona 1 performance, and postu­

lating a plausible performance criterion, a modified version of the Sugie-Jones 

model has been used in a digital computer study to obtain simulated optimum 

responses of the system. The results closely mimic observed responses in adult 

cats, and strongly suggest that physiological variations in saccade amplitude 

and intersaccadic interval are strategically determined in sorne input-dependent 

or error-dependent fashion, so as to optimize system response. It is suggested 

that this finding has implications for studies of saccade-generation mechanisms 

in other visual stabilization systems. 

(v) The vestibular control of head rotation during body rotation in the 

horizontal plane (vestibulo-collic reflex) has been considered from the standpoint 

of control systems theory, with emphasis on possible functional characteristics of 

the system which may be predicted From the fact that the semicircular canal 

appears as a feedback transducer in this system, rather than as an open-Ioop com­

ponent as in the vestibulo-ocular system. Functional components. of the feedback 

loop have been evaluated in terms of their possible contribution to system per­

formance, and possible experimental approaches, aimed at characterizing these 

components, have been proposed. Specific hypotheses concerning features of the 

closed-Ioop response have been made on theoretical grounds, i.e.: 

That dynamic parameters of the response, such as time constants, will 

vary with loop gain, and therefore depend on the level of arousali 

That the system may have significantly greater bandwidth than the vestibulo­

ocular system (which uses the same rotation sensor), the region of accurate 

he ad stabilization being extended in the low-frequency range because of 

the presence of significant feedback, and in the high-frequency range 
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both for this rea~on and because of the stabi Iizing effect of head 

inertia; 

That in contrast to the situation pertaining in the vestibulo-ocular 

system, the time constants governing vestibu Io-collic response wi Il 

ail be different from those of the semicircular canal (and of other 

loop components), except perhaps at certain specific values of the 

loop gain. 

(vi) Rotational head movements have been examined in normal human 

subjects with eyes shut during step-wise and sinusoidal changes in body angular 

velocity in the horizontal plane. The following results show that vestibularly­

driven nystagmoid head movements may occur in man, and that the human vestibulo­

col/ic reflex is capable of contributing significantly to visual stabilization. 

Ouring sinusoidal stimulation at 0.01 Hz., five of eleven subjects 

produced nystagmoid head movements. Quantitative ana Iysis of 

records from the two most responsive subjects showed that phase advance 

of slow-phase head velocity relative to table (body) velocity was 

260 
- 31 0

, which was almost double the phase advancement (460 640 ) 

observed in the vestibulo-ocular response under simi lar conditions but 

with head fixed to table. 

Three of seven subjects exposed to step changes in table angular velocity 

showed maintained head nystagmus having characteristics similar to that 

observed in pigeons. 

ln one subject, in whom head and eye movements were recorded, slow­

phase head velocity during the first few seconds of the post-rotational 

response was consistently greater than or equal to slow-phase eye velocity. 

(vii) Responses of the vestibulo-collic system to body rotation in the hori­

. zontal plane have been examined in blindfolded pigeons, head deviation being 
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recorded by an electromagnetic method with minimal restriction of head 

motion. Major findings were: 

Nystagmoid head response, although simi lar in many respects, 

was notably different from vestibulo-ocular responses in man and 

cats, in that head position tended to lag body position, whereas 

eye position tends to lead head position in most cases. 

For sinusoidal inputs at frequencies exceeding 0.5 Hz., the accuracy 

of head stabilization relative to space was remarkable, especially in 

aroused pigeons. 

The general form and amplitude of the response was extremely sus­

ceptible to changes in arousal induced by sudden loud noises, so 

that to obtain repeatable responses in conscious, normal pigeons 

it was necessary to reduce room noise to a minimum. 

Ether anaesthesia, decerebration and amphetami ne admi nistration 

were tested as possible means of obtaining maintained but different 

levels of arousal. It was found that ether anaesthesia and decere­

bration were feasible, but that after amphetamine susceptibi lit Y to 

noise was much increased. 

ln conscious, normal pigeons under quiet conditions, variations in 

slow-phase he ad velocity during sinusoidal (0.0065-1.9 Hz.) and 

step changes in body angular velocity could be described by a 

linear second order differential equa~ion with a low-pass character­

istic, having time constants of 8-9 sec. and approximately 20 sec., 

and a gain of 0.8-1.0 in the pass band (high frequencies). 

(viii) Vestibulo-ocular response was examined in blindfolded pigeons 

with head fixed to the turntable, using sinusoidal (0.002-2.85 Hz.) and step­

inputs of head velocity. Eye movements were recorded electro-oculographically 

using subcutaneous Ag-Agel electrodes. It was found that: 
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The relationship between slow-phase eye velocity and head 

velocity could be approximately described bya linear second­

order differential equation with a low-pass characteristic, having 

a dominant time constant of 2.0 to 2.5 seconds and a second time 

constant of Il to 70 seconds. The latter was difficult to estimate 

exactly, but was necessary to explain phase advance exceeding 

900 at low frequencies,and overshoot in the velocity step response 

(secondary post-rotationa 1 nystagmus). 

Spontaneous saccades occurred occasionally and were followed by 

an approximately exponential decay of eye position towards zero, 

with a time constant of 0.2 to 0.46 seconds. 

Responses of one pigeon to sinusoida 1 inputs were analyzed by a 

new method (see below) and by this means the time constant of the 

eye-centering filter of the vestibulo-ocular system was estimated to 

be 0.2 to 0.7 seconds, and the calculated phase advance of the 

canal signal relative to head velocity was found to be similar to 

the phase advance of slow-phase eye velocity. 

It is concluded from these results that: 

The long time constant of the pigeon's horizonta 1 semicircular cana 1 

has a value of 2.0 to 2.5 seconds; 

"Adaptation"-type effects occur in the pigeon vestibulo-ocular system 

as in man and mCJy be modelled in the manner of Young (1968), with 

however a time constant which is. relatively much larger in the pigeon 

than in man; 

The Sugie-Jones model of the vestibulo-ocular system is valid for the 

pigeon as for the cat, the "eye centering" filter having a time 

constant of 0.2 to 0.5 seconds in the pigeon; 

Slow-phase eye velocity in the pigeon vestibulo-ocular response 

is closely related to the semicircular canal signal. 
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(ix) A modified version of the Sugie-Jones model of the vestibulo­

ocular system, including only its essential dynamic elements, has been used 

as the basis of a new, curve fitting method of analysis of vestibulo-ocular 

responses to sinusoidal stimulation. The method, which may in principal be 

extended to apply to non-sinusoidal inputs and to more complex dynamics, 

accepts as input a multi -saccade segment of the response and yields an esti­

mate of the time constant of the eye centering fi Iter mechanism and a Iso an 

estimate of the amplitude and phase of the cupular signa 1. 

(x) Eye movement and electromyographic activity in neck muscles 

were simultaneously recorded during rotation in three ether-anaesthetized 

pigeons with eyes closed and head fixed to table. Slow-phase eye move­

ments in one direction where associated with slowly varying EMG activity, 

and quick-phase eye movements in the same direction were associated with 

sharp bursts on the electromyographic record. Complete synchrony of sacca­

dic activity in vestibulo-ocular and vestibulo-collic systems was thus 

demonstrated in this situation. 
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APPENDIX 

Method of fitting to records of the saccadic vestibulo-ocular response 

Hildebrand (1956) and Parsons(1968)consider the caseinwhich, givenasetof 

data points y(kT), k=O, 1,2, •••• , N-l, spaced T seconds apart, it is required to 

find an approximation of the form 

or equiva lently, setting a·T x. = el, 
1 

Eq. A.I 

It is shown by these authors that if the approximation (A.l) were an equality then 

each sequence of N successive values of Yk would satisfy a linear difference 

equation of the form 

- b Yk = 0 n -n 
Eq. A.2 

whose coefficients were tne coefficients of a polynomial 

n n-1 n-2 
x - b l x - b 2x - ••••• - b n = 0 Eq. A.3 

whose roots were the {x. lof Equation A. 1. If N is at least twice as large as n, 
• 1 

then at least n equations of the form of Eq. A.2 may be written, and solved 

for the {b
i
} either directly, if N = 2n, or by linear regression if N>2n. The 

{xi} mey then be found as roots of Eq. A. 3 and the exponents found from the re lation 

Eq. A.4 

With the {xi} known, Eq. A. l becomes a linear expression in the {Di} only., and 

these coefficients may be found by linear regaession. 

It will be noted that since the exponents{ai}are found in the first step, 

independently of the coefficients {Di} , the me!hod may readi Iy be applied to fit a 

set of data in which it is known that there are jump changes in sorne or ail of the {D.} 
1 
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at certa in known instants. It is on Iy necessary that there be at least n data points 

between these discontinuities. 

ln the case of fitting to the vestibu lo-ocu lar response the situation is 

. complicated by the fact that the observed variable 1 here ca lied f(kT), is to be 

fitted to an expression of the form 

n a.kT 

f(kT) ~ i: 1 Die 1 + AO + Al sin(wkT) + A2cos(wkT) Eq. A.5 

where the frequency of the sine and cosine terms is known. In fact there is on Iy 

one exponentia 1 term in the Sugie-Jones mode l, but it is usefu 1 to consider th is 

more general case. Fitting to this expression involves only a slight modification of 

the procedure outlined above. After rearrangement Eq. A.5 may be re-written as 

- f
k AO - A 1Sk 

A
2
C

k Yk - -

n 
k 

= r D.x. 
i=l 

1 1 
Eq. A.6 

where the abbreviations Yk' f
k

, Sk' C
k

, are used t.o represent y(kT), f(kT), sin(wkT) 

and cos(wkT) respective Iy, and xi is equal to e ai T as before. Now Yk in Eq. A.6 

must satisfy Eq. A. 2, and hence by substitution it is found that 

n 

fk - AO - A 1S
k 

- A2C
k 

= r (fk • -AO- A 1S
k 

• - A2C k .) b. 
i =1 -1 -1 -1 1 

and therefore 

f
k 

= r b.f
k

_. + AO(l-rb.) + Al (Sk -r b.S
k

_.) + A2(C
k

- r b.C
k

_.), 
• 1 1 • 1 • 1 1 • 1 1 
1 1 1 1 

= 11,2, .••..• n. Eq. A.7 

The last two terms on the right hand side of this expression may be readi Iy simplified 

using weil known trigonmetric identities, yielding, 
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f
k 

= rb.f
k 

• + AO{l- rb.) +Al(SkO- rb.C.) +Ck Ib.S.) 
• 1 -1 • 1 • 1 1 • 1 1 
1 1 1 1 

+ A
2

(C
k

(1- r b.C.) - Sk r b, S.), 
• 1 1 • 1 1 
1 1 

i = l, 2, ..... , n. Eq. A.7a 

where 

Go = AOO - ~ bi) 
1 

G
l 

= Al{l- rb.C.) - A
2 

rb,S. 
• 1 1 • 1 1 
1 1 

G
2 

= A
2
{l- r b.C,) + Al r b.S .• 

• 1 1 • 1 1 
1 1 

Implementation of this fitting procedure is straightforward if the {D,} are constant 
1 

throughout the time interval O~t~ (N-l)T for which the data are provided. How-

ever in fitting to the vestibulo-ocular response this isnot the case, and some ex -

planation of the procedure used is necessary. Consider an arbitrary segment of the 

sinusoidal vestibulo-ocular response, containing severa 1 saccades in the time interval 

O~t ~ (N-l)T. It is assumed on the basis of the Sugie-Jones model that during each 

slow-phase interva 1 the response may be fitted to a sampled funtion having the same 

form as Eq. A .5, with i = 1, but that the magnitude D of the exponentia 1 term, 

while constant during each single slow-phase interval, will differ in successive 
th 

slow-phase interva Is owing to the occurrence of saccades. Thus during the m 

slow-phase interval, the output could be repres~nted as 

in which the subscript on D now refers to the interval number. Now Eq. A.7a, 

From which the parameters b, GO' G 1 and G2 are to be determined by regression, 

is independent of D and hence data from several slow-phase intervals, each 

having a different va lue for Dm' may be used in the regression provided only 

that the Dm are constant during each interval. Thus in the digital-
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computer implementation of this method, the sampled values f{kT), K=O, 1, 2, ••• 

••• , (N-l), of the eye position records are inputted to the program, alon~ with 

a list of the times at which'the slow-phase intervals begin and end. In performing 

the regression on Eq. A.7a, the program accepts those values which lie within 

tha slow-phase intervals and ignores data points corresponding to the quick phases. 

It must be emphasi;z;ed that data from ail the slow phase intervals are included in 

this first regression (on Eq. A.7A) which yields the parameters b, GO' G
l 

and 

G
2

• These parameter values are used to calculate' a, AO,A
l

, and A
2

, and then 

each 0 is computed separa te Iy using the data from the mth interva 1. 
m 
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