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The cue for disjunctive and conjugate
eye movements

F. M. TOATES

Laboratory of Experimental Psychology, University of Sussex

The principles of control theory have been extensively applied to vision and have aided
the understanding of the pupillary light reflex (Stark and Sherman, I957), accommodation
(Campbell and Westheimer, I960; Stark, Takahashi, and Zames, i965), and conjugate
tracking movements (Fender, I964; Westheimer, I954; Young and Stark, I963). Quan-
titative analyses were carried out, and mathematical models suggested which attempted
to explain performance. Although some work has been done on convergence movements
(Westheimer and Mitchell, I 956; Rashbass and Westheimer, I 961 a), this system has so
far evaded representation in control engineering terms.

If an object moves in a horizontal plane across a subject's field of vision, the eyes are
called upon to make a parallel or, as it is sometimes called, conjugate movement, in order
that the image may continue to fall on the fovea of each eye. Both eyes move together
in the same direction. The other basic movement in the horizontal plane is a disjunctive
or convergence movement. In this case the eyes rotate inwards as an object is brought
nearer.
A mathematical analysis was carried out (Fender and Nye, I96I) into conjugate eye

movements, based on the fact that disparity of the image from the fovea is the cue for an eye
movement. The disparity-actuated negative feedback system operates so as to eliminate
error between fovea and image. If the image of the object is shifted through an angle 0
with respect to the eye, then the image is displaced RO on the retina away from the fovea,
R being the distance between the retina and the eye's centre of rotation.

Since the need to fix an image on the fovea is also the cue for convergence (Alpern,
i962, p. 99), an equation similar to that proposed by Fender and Nye should also be
applicable to this system. Fig. I shows an unambiguous system of error detection which
it is proposed that the eye employs for conjugate and disjunctive movements. A signal
proportional to the distance P is taken and is added to a corresponding signal from the
other eye proportional to Q. Q and P are simply the distances in each eye between the
fovea and the image (or feature of maximum interest in a large image). A signal pro-
portional to P- Q is the cue for a convergence movement.
When a pure convergence movement is to be executed, the value ofP + Q, the cue for a

conjugate movement, is zero. Likewise P-Qis zero when a pure conjugate movement is
called for. On this basis the eye has all the information available for carrying out con-
vergence, divergence, and left and right conjugate movements, as well as for a composite
movement. The muscles of each eye always receive an equal innervation, and this
accords with Hering's law of equal innervation. The net movement is simply the sum of
disjunctive and conjugate components. That this in fact occurs for any complex target
movement was shown by Rashbass and Westheimer (i 96 ib).
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The model makes some interesting predictions concerning the effect of introducing a
disparity in only one eye. Fig. 2 shows an experiment of this kind carried out by West-
heimer and Mitchell (I 956). The object is moved from A to B, and requires a movement
of only one eye to maintain fixation. However, both eyes make a rapid saccadic move-
ment to A', such that the bisector of the angle of convergence passes through B. A con-
vergence movement then follows which brings the fixation from A' to B. This returns the
left eye to the original position. In fact the saccadic conjugate movement and the con-
vergence movement begin at about the same time, but since the saccadic movement is
extremely fast the effect is much the same as if the movements occurred one after the other.
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The cue for the conjugate movement is an error in only one eye. According to the
model proposed here, this should produce a movement of one half of the magnitude that
would have been produced by the same error in both eyes. This prediction exactly
accords with the experimental result. The saccadic movement brings the eyes into a
position such that only a convergence movement is required in order to restore fixation
from A' to B. A similar result has been obtained (Alpern, I962, p. 9I) by placing a prism
before one eye during fixation. Resolution into conjugate and disjunctive components
has also been shown by Yarbus (1957) for a composite movement.
The model involves a comparison of information between the two eyes. In the case of

mammals, information from the right hand half of the visual field is projected to the left
cerebral hemisphere and from the left hand half to the right hemisphere. Contact
between the hemispheres is maintained via a series of fibre bundles, the largest of which
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is the corpus callosum. In a series of experiments on monkeys, Sperry (I964) made cuts in
the corpus callosum, and observed the impairment in subsequent behaviour. Insomecases
the operation is performed on humans in order to confine an epileptic focus to one hemi-
sphere. The relevance of the split-brain preparation to this paper is that, although a
conjugate movement does not involve a cross-hemispherical comparison (the error signal
of both eyes goes to the same hemisphere), convergence does involve a cross-hemispherical
comparison. It might be expected that convergence would be impaired in a split-brain
subject, but not the ability to make a conjugate movement. This is assuming that the
comparison is not made completely sub-cortically. Exactly the effect described, impair-
ment of convergence but not conjugate movement, has been observed in a human subject
(Westheimer and Mitchell, personal communication).

Comment and summary

The representation in control theory terms of conjugate eye movements has been extended
and adapted to include convergence. The model proposed gives an unambiguous cue
for both types of movement, and makes predictions concerning a disparity created in
only one eye, and split-brain subjects, which accord with the experimental results.
An earlier study (Toates, I968) considered, in the language of control engineering,

the relationship between accommodation of the lens and pupil size. This paper also
forms part of an attempt to construct a model showing the main activities of the eye, and
in particular the interdependence between the various controlled terms.
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