CHAPTER 4

VISUAL ORIENTING

4.1 Introduction

Visual onenting mvalves redirecting the ‘gaze o a new location i the visual
field. This pr-n::u:*a‘ has been intensively studied, particularly in relation to the
target-elicited saccade, the orienting saccadic eye movement that readily follows
the appearance of a new target in the field of vision, One reason for the interest
is the close correspondence between processes discovered in hurman behavioural
studies and those shown in studies of primate brain physiology, To emphasize
this correspondence, the chapter is sectioned so that the two principal variables
i connection with a ,5._1('\_;._I,|.|_|_‘ the latency and the metric P*{JPFLF'PS, are rreated
i separale sections {Section 4.2 and Section 4.4) with each section followed by
an account of the underlying physiology {Section 4.3 and Section 4.5

In chapter 2, we emphasized that the foveal region provides a high acuity
region for detail vision. For it to be used, it must be directed at the part of the
visual world that is of current interest. This is the process of visual orienting,
The gaze redirection may, for distant objects, involve movements of the bods,
head and eves, The orienting mechanisms for head and eves are closely cou
pled (feannerod, 1988). For close abjects, manipulations may also occur
which bring the object into the gaze direction rather than vice versa but these
will not be given further consideration here.

A classic :ct::d_v by Sanders (1963) distinguished regions in which different
combinations of effectors were used o achieve orienting. For an individual
ininally faging forward with iza:re in the primary position, an eye

ol extends
out to eccentricities of about 207, Within this region; orienting is achieved by
moving the eye onlyv. Beyond this region, a héad feld extends out to eccenirici-
ties af about 907 where orienting involves both eve and head movements. For
objects outside the head field, whole body movements are additionally
emploved. Sanders suggested thar rransitions between the different zones

resulted in increased task load and perfarmance decrements.

These regions are only loasely delineated, and other factors, both of an
individual and a situational nature, may affect the way in which orienting
is zchieved, For example, individuals wearing spectacles may increase the
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36 ACTIVE VISION: THE PSYCHOLOGY OF LOOKING AND SEEING

incidence of head movements, in order to maintain the gaze direction
through an appropriate part of the spectacle lens, In Section 8.5, we discuss an
individual whose orienting is entirely achieved with head maovements,

A large number of studies on visual orienting have restricted consideration to
orienting with the eves alone. Orienting in this case is achicved using saceadic
eye movements, and the study of the target-elicited saccade forms one of the
major concerns of this chapter. Such saccades occur when a new targel makes
a sudden appearance in the parafoveal or peripheral regions of the visual field.
Although clearly a voluntary response, saccadic orenting in this situation has an
automatic and natural quality, ensuring that reliable data can readily be sequired,

Two other important paradigms can be mentioned ar this point s both
have been widely used o extend our knowledge of visual orienting, In the
anti-saccade paradigm, discussed in Section 4.4.5, observers are instructed to
respond to the target by moving the eves in exactly the opposite direction. An
anti-saccade requires suppression of the automatic arlenting response and the
creation of a different set of motor commands. Another paradigm requiring
more voluntary activity on the part of the observer is the memorised saccade
paradigm. Typically, a peripheral target is flashed briefly and the observer
required ta withhold the immediate orienting response, but 1o respond at the
end of some period of time during which the location of the target must be
held in short-term memory. This paradigm is discussed together with other
work on saccades to remembered locations, in Section 9.2.4,

4.2 What determines the latency of orienting saccades?

In the target-eliciled saccade paradigm, the observer is asked to make - saccadic
orienting movement to a target that appears in some location in the peripheral
visual field, A delay, termed the latency of the saccade, occurs between the
appearance of the target and the time that the eves start to move, This defay 15
the reaction time of the eye response and represents the cumulative time taken
by the brain processes that enable orienting. We shall, in this chapter, show how
study of these saccades can give insight into the underlying brain processes but
4 cautionary note is fifst in order, The Brain is an imtcgrated syslemn and
although saccadic orienting is a very aulomatic process, it is never completely
independent of other brain activity. Zingale and Kowler (19871 demonstrated
this point neatly by showing that, when a number of saceades were required, the
fatency of the first orienting saccade increased steadily with the length of the
sequence. Likewise, saccade latencies are augmented when ohservers are
required to do concurrent cognitive tasks ( Takeda and Findlay, 1993).

4.2.1 Target properties

Cine might expect that the latency for an orienting saccade would be depend-
ent on the properties of target to which the eve is mowving. Several studies have
shown this to be the case. For example, saccades to a bright target show
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Figure 4.1 Latencyof target-elicited saccndes plotted as'z fanction of target eccenteicity for
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harter Ratencies than those to a dim target {(Kalesnykas and Hallett, 1994;
Reuter-Loreny ¢t al,, 1991}, Targets with little low spatial frequeney informa
tien show prolanged lTatencies (Findlay eral, 199%), However, the magmitude
of these effects is rather small, excep

when the targets are close to threshold
visibifity

The-affect of target location 1s of some interest, In a review of a number of

studies, Findlay (1983) concluded that the vanation of latency as a funation of
largel eccentoicity was a b "\|"'['::(1 function, Overa broad range lapprox
17=157], latencies changed rather little w
movements (less than aboul 17 Wyman

movements (greater than about 157, Orienting in the latter case almost

e latencies mereased for very small

-:‘.d Steinman, 1973) and for large

imvariabily involves a corrective sacrade (Section 4.4.5), A systernatic study
by Kalesnykas and Hallett (1994) confirmed this relationship, as shown in
Fig. 4.1. Lnote however Hodgson, 2002)

4.2.2 The gap effect

Target-clicited saccades are often studied in an eve tracking task when an
observer 1s required to follow a visual target which makes an unpredicrable

step movement, ln this case, the targer simultaneousty disappears at the previ-

ously fixated location when it reappears at the new location. Saglow (1967)
realised that, under these crcumst

ces, the disappearance of the visual stimuy-
lits at the previcusly fixated location might contribute 16 the programming of
the saccadic orienting movement. He studied this by |~|-.1|i1-;,_- the fixation tarpet
disappearance and the targel appearance as separable visual events. He carnied
oul an experiment in which the two events were not simultaneous, but
were separated in time by & temporal offset, The fixation stimulus could dis

appear before the appearance of the peripheral targer, leaving a gap penod

with no visual stimulation, Allernatively, the fixation stimulus nu;;-n fiol dis-

appear until after the appearance of the peripheral target, the sverfap situation:

saslow found that this manipulation strongly affected the saccade latencw.
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Figure 4,2 The gip effect. Top panels show tvpical display sequences in gap and overlap
cunditions respectively, Thie task 1w abways tominally fixate the céntre and make an eve saccade
t the Target wilen it appess, enhes on the left or on the nght of the screen. Latencies are
mezsitreed from the target appearance The lower panel shows schematically repical results from

the paradigm

As Fig L2 shows, saccade latencies become progressively shorter i the gap
situation with increasing temporal offeets (up to gaps of about 200 ms) and
comversely hecome progressively longer as more overlap occurs.

This effect, the gap effecs, is highly reproducible and vecurs irrespective of
whether the observer can predict the direction in which the target will appear
(Kingstane and Klein, 1993; Walker et al, 1995]. This saggests that the offset
of the fixatinn point initiates some general preparatory process in connection
with the saccadic movement, with the spatial metric of the saccade assigned at
a late stage in the programming of the movement (Section 4.6), Work on the
gap effect {Forbes and Klein, 1996; Reuter-Lorens eral, 1995) has led to the
proposal that there are two general preparatory components: The firse is a
general alerting component found with any warning signal (Tam and
Stelmach, 1993, showed that manual reactions benefit from this component).
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The second effect is specific w ocular orienting and has been assi
variety of terms (fixation offset, fixation release, fixation disengagement or
oeular disengagement)

4.2.3 The remote distractor effect

Raoss and Ross { P800 reported @ related converse result in the situation
nee of the fivated material, a new stimulus

where, rather than disappeara
appears at the pont of fixation around the time of targel onset. Such g stim-
ulus cnset resulted in a latency dnorease if it occurred simultaneously with
the target appearance. If the onset occurred substantially hefore the appear

ance of the targel, its effect reversed and a latency reduction occurred,
presumably because it operated as a warning signal, The latency increase
is a robust effect. Walker er al, (1995, 19977 carried out further studies of
events where distractor stimuli cccur simultaneausly with target onscl. They
showed that, in a comparable way 1o the gap facilitation, the increase occurs
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whether or net the subject has advantage knowledge of the direction in
which the eyes will move. The in¢rease in latency results from onsets in any
region of thevisual field except a sector close to the target (Fig. 4.3}, Walker
¢t al, mlroduced the term remete aistractor effect to describe these findings.
Disteactors in this critical seceor have no effect on the saccade latency but in
contrast do affect the endpoint of the saccade; an instance of the global
effect (Section 4.4.21. Figure 4.3 shows the highly systematic narure of the
rernate distractor effect.

The gap effvet and remote distractor effect are highly rebust and regular,
suggesting that visual onsets and offsets have an access route to the saccade
generation mechanisms that operales in a very automatic manner. & further
result showing this was reported by Theeuwes e al, {1998), These worlkers
have shown that if @ visual enset occurs at the instant when an observer 1s
about o make a voluntary saccade, there is often an unintended saccade
towards this orset, rather than to the intended location,

4.2.4 Lxpress saccades

[n 1983, Fischer and Boch reported a remarkable finding, They trained
monkevs to make arget-clicited saccades in a gap paradigm and measured
saccade latencies. They found that the monkeys lrequently made saccades
with extremely short latencies (80-100 ms). Since, at the time, figures of
200 ms or more were widely described in texts as the ‘typical’ saccade
latency, such short latencies were newsworthy in their own right, A second
finding concerned

the distribution of saccade latencies over a large numbet
of trials (Fig. 4.4). The shart latency saccades very clearly formed a separate
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Figure 4.4 The frsy dermansteation of express saceades by Tischer and Boch (19830 1 a study

with monkeys, The monkey was tramned to make an onenting saccade i the gap paradigm, The

ution of zatcade latencies shaws a separiate sub- population eof saccades with extremely
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VISUAL ORIEMTING 61

sub-population of the total, justifying their identification as a separate
express saccade category,

[t the following vear Fischer and Ramsperger {1984) reported that that a
similar phenomenon ocourred in human subjects, although the latencies of
the human express saccades were somewhat greater (100130 ms) than those
produced by the monkeys, Subsequent work has confirmed this finding
(Juttner and Wolf, 1992) although human subjects only rarely show the
dramatic bimodality in latency distributions shown in Fig. 4.4 (Reuter-Lorenz
eral 1991 Wenban-Smith and Findlay, 1991), & lively deliate about their
properties and significance of these movernents can be found in Fischer and
Weber (1993). Express saccades show some unexpected properties; for example,
they are less common when the saccade target is close o the fovea (Weber
et al, 1992). During free viewing, it is quite common to find fxations whose
duration is very short {e.g, Section 4.4.4) and it seems likely that these may be
a manifestation of the same phenomenon

4.2.5 Variability in latencies
LEven when testing condittons are controfled as carefully as possible, the
latency of saccades varies in an apparently unpredictable way on a trial-by-trial
basis. Owver a series of trials, a cumulative distribution of latencies can be
obtained. The nature of this distribution is of considerable interest, Carpenter
[1981; Carpenter and Williams, 1995) has shown that the distributions of
réaction times are positively skewed with the distributions of the reciprocal of
larency closely approximating a CGaussian distribution,

such a distribution is capable of being explained by a remarkably simple
generative mechanism, shown in Fig. 4.5, which Carpenter has termed the
LATER model (linear approach to threshold with ergodic rate). On each trial,
a hvpothetical variable commences to increase at a linear rate. The saccade is
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Figure 4.5 The left hand panel shows a tvgical, positively-skewed, distribution of saccade
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initiated when a certain threshold value is achieved with the time taken to
reach the threshald corresponding to the saccade latency. The LATER mode!
postulates that the rate of increase is-a random variable with Gaussian distri-
bution. This model is then able to predict a skewed distribution of latencies
with the shape ohserved. Furthermore, differential instructions to aim tor
speed of for accuracy modifies the distribution of saccade latencies in a way
that can be interpreted as a simple change of threshold level (Reddi and
Carpenter, 20007, This model has also received support from physiclogical
studies (Section 4.5.3).

4.3 Physiology of saccade initiation

(e reason for the intense interest in target-elicited orienting movements is
the clase correspondence that an be found between the behavioural study of
such movements, as described in the previous section, and physiological brain
processes.

Primates show patterns of saccadic eye movement control that are similar
in very many ways to those of humans. Monkeys can readily be trained in the
laboratory to make orienting saccades as well as saccades in more complex
tasks such as visual search, Our knowledge of the neurophysiology of the sac-
cadic system has been particularly advanced by studies in several laboratories
of the properties of brain cells when awake and alert monkeys carry out
tratned tasks.

Figure 4.6 shows a set of schematic diagrams of primate brain, illustrating
the major regions and pathways important for the generation of saccadic eye
moverments. The eye muscles themselves are controlled by motor asurens
leaving. the midbrain and pontine regions via cramial nerves I, TV and VI
The cell bodies of these nerves are found in the corresponding oculomotor
nuclei. Adjacent to these nuclei are the important premotor centres of the
midbrain reticular formation (MRF) and the paramedian pontine reticular
formation (PPRE) shown in Fig. 4.6, The descending input to these centres
comes largely (although not exclusively) from the superior colliculus (5C).
The SC contains cells responsive to visual stinmuli and a partially averlapping
et of cells which hre when saccades are made. It is a highly significant visuo-
mator centre in connection with saccadic eye movements and receives input
from two arcas of the cortex (LIP and FEF) important in saccade generation
{Bection 2.4.4),

4.3,1 Burst and pause cells in the reticular formation

Figure 4.7 shows schematically the neural processes oceurring in oculomotor
and immediate pre-motor regions of the brain. It provides a very simplified
overview of a highly complex piece of neural machinery (for further detail
sce Fuchs eral, 1985; Moschovakis and Highstein, 1994; Schall, 1991, 1895;
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SACCARE, Whe molor newrons to the appropriate agonist muscles switch

]
r

e o N OD

el A




64 ATTIVE VISION: THE PSYCHOLOGY OF LOCGKING AND SEEING
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Figure 4.7 Neuralzctivi

anearis types of bramstem cells accompanying saccadic eye

INCETIETITE ._I-.’tﬂ.l'.]'.'\.'!'l rom Giouras, LI83

transiently to a very high rate of firing and then settle to a lower, but
increased, rute appropriate for the new position. The term pulse-step pattern
15 often used to describe this innervalion, The sctvation to the antagonist
muscles consists of a pause i activation at the time of the pulse burst and a
lower rate of subseguent activity. The hypothetical moetor neuron shown
controls the agonist for the first eve movement and shows the pulse-step pat-
terst. For the second, reverse direction, movement. the motor neuron activity
shows a pause, indicating that thete is no driving signal to the antagonist
movement in 4 saccade,

I'hgse patterns of activation are in turn generated by neural circaitry in the
adiacent areas of the MRF and PPRE Within these regions are found twa
types af cells with very different propertiés. The pawse or ornipause cells five
at @ steady untfornt rate atall fimes except that, when a saccade oecurs, their
firing stops completely for a briet pertod. The start of the pause of activity in
tact precedes the start of the aclual movement by 315 ms. The pause occurs
irrespective of the size or direction of the saccade and thus the omnipause

cells do not code the metric properties of the saccade in any way. Such metnie
coding vocurs in other types of cells, in particular cells which show a briel
burst of activity svnchronised [and, as with the pawse cells, briefly preceding)
a saccadic movement. The burst cells, however, only fire for a certain direction
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and size of movement; in other words, this tvpe of cell is coding the metric
properties of the movement. Some cells (long lead burst cells) show an
increase in discharge rate considerably in advance of the actual movement
The MRF and PPRF are closely coupled regions {via the MLF), with the MRE
Barst cells relating to the vertical component of an eve movement and those
in the PPRF to the horizontal component.

Aovery important principle demonstrated here is the separation of twa
sireams of control information, Van Gisbergen eral (1981) introduced the
tollowing termminology. The pause cells mav be said to form a WHEN systam
because they are concerned with the point in time when a saceade will occur
bt not where it will move the eye, This is the concern of the st cell system,
which can therefore be termed the WHERE svstem, One plausible behavioural
consequence of the WHEN/WHERE distinction is that preparatory processes
for the initiation of a saccade can occur before the destination of the move
ment is specified (Section 4.2.2)

Pause cells are active at all times ¢xcept when a saccade occurs and
thus may be described as cells-active during fixation, It 15 possible to envisage
them as the late stage of & spstems that is concerned with fixation, Cells in the
superior colliculus that code fixation will be discussed in the following
section. Cells with similar properties are also found in cortical areas velated 1o
eve movements, such as the posterior parietal assocation cortéx (Lynch
ef aiy, 19771 and the dorsomedial region of the fromal cortex (Bon and
L

wchetts, 19920

4.3.2 Fixation, burst and buildup nevrons in the superior colliculus

The superior colliculus. (5¢

15 the major region from which pathways
descend to the midbrain and bramstem oculomotor generating centres
described in the previous section. 1ts arganisation has been considerably elu-
cidated in recent vears and shows some stmilar characteristics 1o that of the
lower centres. The work of Dandel Guitton, Doug Munoz and Robert Wurtz
has been of seminal importance and this section draws considerably on the
lucid sccount given in Wurtz (1996), The presentation here emphasizes the
direct pathways downstream from 5C. It is becoming increasingly recognised
Lthat although these pathways appear adequate Lo generate saccades, accurac
and adaptability is maintained through parallel SC = brain stem pathways
involving the cerebellum {Robinson and Fuchs, 2001 ).

The S comsists. of mulriple lavers, stacked somewhat like the pages of a
hook. As elaborated below, the layers contain maps of visual and ocolomaortar
space with each hemifield represented in the contralateral SC. The upper
layers, termed the superfioal lay
retin

rs, recelve a direct visual projection from the

. The lower layers (mtermediate and deep lavers) recerve a separate corti-
cal visual prodection, as well as being connected o the saccadic generation
centres. Studies of the détails of these projections in terms of the visusl path:
ways deseribed in Section 221 shows the following. Activation of the 5C
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superficial layers comes from a homologue of the cat W-system, whereas !
activation in deep lavers comes about mainly through M-cells but with some
evidence fora P-contribution {Schiller, 1998). Paradoxically it is believed that
the upper and deeper layers do not connect neurally. This visual mapping is
anisttrapic in a similar way to that of the retino-cortical projection. The cen-
tral foweal region obtains the largest proportional representation and is
mapped at the rostral end of the structure (the rastral pole). Upper space is
represented medially and fower space laterally. The mappings are eve-centred

and are independent of the position of the eye in the orbit although, as in i
other visual centres, eve position does affect the level of activity {Paré and
Munoe, 2001k

The statement that the SC ‘maps wisual space’ refers to the fact that cells,
both in the upper and in the intermediate layers, have visual receprive felds
whose locations are laid out topographically. The statement that the $¢C |
‘maps oculomotor space’ refers to the fact that cells in the lower (deeper)
lavers have the property that clectrical stimulation generates a saccadic eye
movenient with the size and direction of the eve movement dependent on i
the location of stimulation. Some cells have both visual and oculomotor l
responsiveness. A highly significant discovery was the fact that visual and
nvulometor maps were in register (Schiller and Koerner, 1971: Robinson,
1972). Sumulation of a location in the deeper layers of the colliculus results
in a saccade to precisely the region of space which is represented in the
visual map at the same collicular location. The $C is thus cdearly involved in
the visuomator co-ordination of orienting, Mevertheless, a period of doubt
tallowed the carly discovery of the register of the maps because it was }
unclear how the two maps might interact. Recent progress on the 5C has
concentrated on the events in the deep layers that precede a saccade, and in
particular on the role of the rostral pole region, '
The term fixation centre can be applied to the rostral pole region of the 5C,
the location corresponding to the foveal region on the visual rmap,
Neurophysiolegical studies show that cells in this region show activity when- i
ever the animal fixates and pause during saccadic eve movements { Munoz and i
Wurtz, 1993a). The region ts GABA sensstive (Munozr and Wurtz, 1993 8] 50
that injection of the GABA agomst musamol into the region increases sac-
cadic activity. An animal with such an injection has difficulty in maintaining |
tixation. Conversely, injection of the GABA antagonist bicuculline has the

opposite effect. Animals produce fewer saccades and saccades with longer |
latencies than normal. The cells in this region have similar characteristics to
these of the omnipause cells of the brainsterr. A direct connection has heen

traced between the region and the brainstemn omnipause cells (Paré and
Cauitton, 19945,
Two dmpaortant cell types are found in the remaming parts of the deep i
layers, Both show neural activity preceding saccades but differ in impartant
wavs. The huldup cells show a pattern of increasing activity that commences
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well before the actu

movemnent and reaches a peak just befare the saccade is
triggered. The burst cells are similar 1o thei; namesakes in the MEF and PERE,
n showing a brief burst of discharge just prior to the moverment. In-each case,
activity is .anly found preceding movements in the Appropriate dircction for
the oculomotor mag. with the buse cells being more tightly tuned in this
respect than the buildup cells

The events in the 5C that lead up to a saccade may be portrayved as
follows {Fig: 4.8). In the region of the 5¢ corresponding to the location in
Space to which the eves will be directed, the buildup cells in the intermedi-
e layers gradually increase their activity. This incregse is presumed to
occur becayse of activity in the various de

ending pathways (Fig, 4.6), At

the same time, cells in the ixation region of the rostrsl pole show a
1

nee reaches the poing

decrease in activity, At some point, the activin
where an abirupl switch is triggered. At this point, rostral pale activity

ceases, the burst cells star firing and the activity characteristic of saccades
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occurs tn MRF and PPRF. Whilst the activity in the buildup cells may
reflect the very varied nature of the descending stimulation, the subsequent
triggering process ensutes that, when saccades are produced, they show a
very stereotyped pattern, Although latencies will be affected by evenis both
in the fixation region and in the buildup region, Darris et al (1997) found
that, prior to express saccades, saccadic latencies correlated well with prior
activity at the buildup location and not with prior activity in the fxation
region.

4.3.3 Variability of saccade latencies

An interesting convergence has also accurred between theoretical work and
neurophysiological studies concerned with the variability in saccade latencies,
The LATER model proposed by Carpenter (Section 4.2,5) appears la he
reflected quite well in processes eccurring at the single cell level, Studies of
cell activity within primate frontal eye field [Hanes and Schall, 1996; Schall
and Hanes, 1998) showed that in the perod immediately before a saccade,
neural activity showed 2 steady increase. The rate of this increase correlated
well with saccade latency, supperting an accumulator model whereby the ini-
tiation of the saccade occurring when this becomes sufficiently high. Similar
correspondences have been reported at the level of the su perior colliculus
(Trorriseral, 1997),

4.4 What determines the landing position of orien ting
saccades?

We are so familiar with the ability (o direct our Eves o any target at will thar
we rarely reflect on the fact that this is a considerable achievernent of neural
processing although; as described in Chapter &, the loss of thus ability can be
devastating. Many studies of rar pet-elicited saceades have investigated the
ability in detail (see Hallett, 1986 ar Becker, 1989 for a {uller account). For tar
gets within about the central 10 degrees of vision, tle mest common pattern
1 for a single saccade 1o move the gaze directly to the target. Such saccades
shinw the stereotyped saccade trajectories descrilied in Section 2.4 bul their
amplitudes are variable (the range 15 typically about 5-10 per cent of the
movement amplitude; Kowler and Blaser, 19951 4 small secondary, error cor-
recting, saccade may follow the first, primary, saccade, With larger move-
menis, undershoot and secondary saccades become more common, A widely
held view is that saccadic undershoot of about 10 per cent is normal, although
this has been challenged tkapoula and Robinson, 1986). For small saccades,
the ovcurrerce of stcondary corrective movements increases when a rask
requires scrutiny (Findlav atid Kapoula, 1992, An occasional variant on the
standard pattern is for the ey to maove to the target in 2 series of small
saccades (Crawford, 1991, Section 4.7,

~
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4.4.1 Corrective saccades

Study of the corrective saccades that follow a primary orienting saccade has
vielded some interesting msights, If the targel for orienting is flashed briefly,
s that it is no longer visible when the first saccade is made, COTTECTIVE, sac-
cades are still found but less frequently (Becker, 1972). This suggests that cor-
rective saccades tmay occur either on the basis of a pre-planned sequence or
on the basis of a visual errar sampled after the end of the first saccade. The
latency of the corrective saccade, i.e. the duration of the fixation following the
first saccade, is quite tightly dependent on the size of the gare error remaining
after the first saccade (Becker, 1989,

A typical experiment investigating orienting saccades will present a sel of

trials with tarpets at a set of varied different amnplitudes. Subjects rapidly
becorme aware of the propertics of the set; this is demonstrated by saccades 1o
the lower amplitude targets showing shight undershoot ind those to higher
amplitude targets slight overshoot {Kapoula, 1985). This is a familiar finding
i metor response investigations, known as the range effecr,

4.4.2 The double step paradigm

ln the double step paradigm an observer is asked to follow with their eves a
target which makes two successive movements in a quick sequence. The idea
behind the paradigm is to measure the effects of the second stimulus step on
the programming of the saccade to the first stepe A typical experiment would
be designed to prevent, as far as possible, the ohserver pradicting the stimulus
properties. Double steps in varving direction and with varying intervals
between them would typically occur unpredictably in 4 set of trials that also
contained single target steps, The paradigm has heen widely employed
(Komoda et al, 1973 Becker and lurgens, 1979 Findlay and Harris, 1984,
Aslin and Shea, 1987) and has heen most informative

Three principal outcomes occur on double step trials, First, the eve follow-
Ing can consist of a separate saccade 1o each step in turn. This situation wifl
typically occur when the interval between the two steps 15 long and the
response {o the first step is complete before the perturbing influsnce of
the second step is felt, At the opposite extreme, the eve may make a single
saccade to the final position following the two steps. ignoving the pause
at the intermediate position, This outcome is found when the pause hetween
the two steps is very brief. The third possible outcome that is found is where
the first saccade goes 10 neither target position but instéad to a location
intermediate between the target locations. Such a saccade would penerally be
followed by a second saccade 1o the target 2 location. A Turther option, that
the saccade trajectory itself is modified, appears only Lo occur for large
saccades (Section 2.4.1),

Becker and Jirgens (1979) showed that the most unportant determinant of
the type of outcome was a variable measuring the time elapsing between the
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second step and the initial saccade. They designated this variable D and, as
shown in Fig. 4.9, under certain conditions an arplitude rransition function may
be plotted to show the systematic dependence of the first saccade end point on T
For senall values of B, the perturbing second step does not affect the saccade, For
large values of [ the eye moves to the new position following the second step.
Thus the new step fully captures the saccade, Becker and Jirgens found that for
anintermediate range of D valoes, a compromise saccade ocours with endpeints
landing between the two positions occupied by the target and showing a smooth
transition between the first and second step locations, The point at which this
transition starts shows the last peint in tme at which it is possible influgnce a
saccade about to he launched, For small saccades, this value 15 about &0 ms,
although in the case of larger saccades, Becker and Jurgens reported higher
values

Amplitude transitions of the type shown in Fig, 4.9 are found when the two
target positions are as ditferent eccentricities 2long an axis away from [ixation.
A different pattern was found when one location was on the right and the
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ather on the left {oniy horizontal saccades were considered in the Becker and
lirgens, 1979, study). In this case, as in the one just described, sleps pecurring
with values of D less than about 80 ms had no effect, Afler this point, all
saccades were direcled to the second target (contralateral 1o the first), In the
range of 1} values where the transition function was found in the ipsilateral
case, no saccades at all were noted.
On the basis of their findings, Becker and Jirgens (1979} proposed a two

stage model of saccade generation. The two stages are shown schematically in

Fig. 4.10. The decision stage has Ihu re w],‘-ﬂ[h.hl ity of deciding when the eves are

to move and in which direction. When the decision is made, a signal is sent to
the amplitude computation stage, which is responsible for the magnitude of the
movemnent. The amplitude computation stage works in a completely automatic
manner to compute the desired amplitade by samipling the target information,
The sampling s not made on an instantareous hasis but integrates whatever
information is available within a temporal window. The duration of the ampli-
tude transition fungtion corresponds to the duration of this window. If, during
this inte Phll]tlh period, the target |._|].irls-_u> pasition, the resultant tu]]pl]lum that
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emerges is from a weighted integration of the two target positions. This integra- l
tion process accounts for the saccades directed to intermediate locations. ‘

The made] has affinities with the WHERE/WHEN separation discussed | !
in carlier sections of this chapter. However Becker and Tirgens associated i

part of the WHEN computation in the decision stage of their model. The
model accounts very well for findings from the two-step paradigm and
other paradigms in connection with horizontal saccades but tuns into
some problems when the more general case of saccades in two-dimensional
space 1s considered. Findlay and Harris (1984), and Aslin and Shea [1987)
found transition functions for both amplitude and direction in experi- i
ments using the double-step paradigm in the two-dimensional case.
Findlay and Walker (1999) have argued that the delay in responding to a
contralateral step is an instance of the remote distractor effect {Section
4.3.2) rather than representing a specific direction re-programming. They
offer an alternative model in which amplitude and direction are not S -
rately programmed but all programming comes about through selection on
a 212 spatial map {Section 4.6},

4.4.3 The double target paradigm
Another well studied variant of the targer-elicited saccade paradigm has two
targets appearing simultaneously, A frequent finding, as noted already in
Section 4.2.3, is that, when the stimuli are in reasonably close proximity, the
orienting saccade goes to an intermediate location between the targets rather
than accurately to either individual target. Following the interpretation of the
comparable finding in the two-step paradigm, an explanation mayv be offered
that the saccade amplitude computation is based on stimulation intégrated
over a wide area of visual space; the term global effect reflects this aspect of the
finding: The relative properties of the targets such as size and Brightness influ-
ence the saccade landing position in such a wav that the effect is often aAppro-
priately described as 3 centre-of-gravity effect (Deubel ot al, 1984 Findlay,
1982; Findlay et al, 1993; Ottes et al, 1984), The effect has been demonstrated
and studied in monkeys {Schiller, 1998; Chou et al,, 19991, These findings show
that the effect is one that involves integration of the visual signal in a relatively
‘raw’ form. Nevertheless, various findings suggest that the effect should be
assigned to a relatively late stage in the visuomotor pathways, |
He and Rowler (1989} carried outl a double target experiment in the form of a
search task. Two stimuli were presented that differed in form (+ vs. %) and one |
wis designated as the search target. Subjects showed no ability to use peripheral |
vision sufficiently well 1o direct their eves ta the search target. Saccades generally
landed at intermediate locations but the landing positions were systematically |
affected by prior knowledge about the most likely location for the search target,
He and Kowler argued from this finding that the global effect was dependent an |
high level strategies. A more appropriate interpretation would appear fo be that
of Otres eral (1985) who suggest that the glohal effect represents a default
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, option for the saccadic system but may ke modulated by higher level search
ar cognitive strategies, The main studies of the global effect have been in
connection with visual orienting but claims have been made that the effect plays

[ a role in the choice of saccade landing points' in text reading (Vity, 19914

‘ see Chapter 3),

+.4.4 Parallel processing of saccades

In the section on corrective saccades (Seclion 4410 it was noted that such
saccades were occasionally found even when the target was no longer visihle
alter the end of the first saccade, This implies that the second saccade was pre
programmed. Another resuly suggesting that more than one saccade can be
processed al a time is the occurrence of very short fixations (<2100 ms) in
visual tasks, Becker and lirgens (1979} noted such short latency secand sac
cades in the double step paradigm discussed above and alsa proposed that

saccades may be prepared in a paired manner, For a pair of saccades 10 be _
directed accurately, it is necessary that the second saccade takes account of the il
eye rotation achieved by the firse, raising some important questions which we

return to in Chapter 4.

Second and third waceades
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Figure .11 [Figplay sequence used by Meleek W with superimpossd examiple cpe r:
record. The sibject i instrocted to rake 3 sagcadi ement o the tirget defined as the odd |
atie of the three (e vshapes), On same trials, two of the shapes ;
were swilched, The shows ot nple where the switch beings the target to the saccads 1l
destifiation. Nevertheiess, the sizcade Hops short and a further saccade i madé io the former |
target lacation before a final sazcade on to t1at the new locanion. _';_E
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Interest in the phenomenon has recently revived with the discovery that
short duration fixations occur commonly in scanning and visual search tasks
i Findlay er al, 2001; McPeek er al, 2000; Sommer, 1944), This form of pro-
gramming 15 also reported for within word refixations in reading (Section 5.6)
and mav be more common than previously thought, McPeek eral {2000)
studiad saccades in an oddity search task (Section 6.1} On each trial, a display
consisting of three elements occurred, either two red and one green, or two
green and ané red, The task was 1o move the eves to the target with the unique
colour, First sacepdes were frequent]ly misdirected but in many cases, a second
saccade 1o the target occurred following a very brigf fixation. McPeek et al
combined this task with a saccade-contingent manipulation such that the dis-
play changed during the course of the first saccade, The change reversed the
colours of the two items away from the direction of the saccade {Fig, 4110,
When the fixaueon before the second saccade was brief, the second saccade
went towards the first location cccupiad b the targer, showing that the target
lecation was registered on the initial fixation. Surprisingly however, such
‘memory directed” saccades occurred after normal and even relatively long
fixations also. Oply when the fxation duration was greater than 230 ms, was
the colour switch taken into account. This suggests that pipelined double
programming of saccades may be much more common than previously
suspected.

4.4.5 Antisaccades

The antisaccade task was first developed by Peter Halletr (Hallest, 1978,
Hallett and Adams, 19807, In the task, the partcpant s reguired o respond
teoa viswal targer by maodang aosaceadic movement to a posiion in space
tocated at the apposite side to the target: 5o, forexample, if the target is on the
right hand side af fixation then the correct response is to make a lefrward sac
cade to the mirror image location. The task is of value [or twio reasons: first, as
a means of investigating the interaction of reflex and voluntary contral of sac-
cadic movemnents; second, as a marker for diverse neurnlogical conditions
{Section B.4). A review of both normal and clinical findings was made by
Everling and Fischer (1998), Successful performance in the antisaccade task,
requires participants to suppress the natural tendency o make an orienting
saccade to the target. In discussions concerned with antisaccades, these reflex
like erronenus orienting movements are [requently termed prosaceades,
Participants are normally able to penecate antisaceades, however across trials
errors do occur tn the form of a reflex prosaccade to the target, [nterestingly,
subjects are often unaware that an erroncous prosaccade has been made
(Mokler and Fischer, 1999). The proportion of prosaccade errors decreases
with practicé, to typicallv around 20 per cent, although with considerable
mdividual variability, as demonstraed ina large scale study on over 2000
voung conscripts by Evokimidis er al (20027, Mean reaction rimes for antisac-
cades are somewhat greater than for prosaccades and no antisaccades ever

==
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occur with latencies in the express range described in Section 4.2.4 (Fischer
and Weber, 1992). Error rates increase and latencies decrease systematically as
the targel amplitude increases from 19 to 12° (Fischer and Weber, 19946),
Krappran (1998) carried aut a study of antisaccades in the eight principal
directions and showed that the variability in landing positions was high
althouph saccade direction was generallv roughly approprate. Corrective
saccades occurred bul resulted in only a small Improvement in accuracy,

As discussed in Section 8.4, patients with [rontal lobe damage experience
difficulty in suppressing erconeous prosaccades, This has led 1o the SUZEEs-
tion (2.g. Walker et al, 1998) that to generate an antisaccade it is necessan
for a frontal system to send a signal to the superior colliculus ta inhibit the
natural reflexive saccade before the antisaccade is programumied, Nevertheless
given the increasing evidence for parallel processing of saccades, il seems
likely that both prosaccade and antisaccade are prepared in parallel (Section
4.4.4), as praposed by Mokler and Fischer (19990, This would then account
tor the relatively short latency difference between preooand antisaccades,
Zhang and Barash (20000 conclude that the transformation needed to
generate the antisaccade is ‘visual' rather than ‘Visuomotor, on the basis of
their finding of the early appearance (50 ms after target onset) of increased
newral activity in the panctal cortex at the location of the target for the
antisaccade

4.5 Physiology of the WHERE system

In Section 4.4, the role plaved by the superior colliculus in saccade £enera
lion was outlined, Selection of the saccade target was achieved by selecting
the point on the oculomator map a1 which burst activity ok place. An
mportant property of the visual representation in the 5C s the Get tha
although a series of precise maps are present at different lavers of the struc
ture, in the layers at which visual and myotor systems make contact, the
spatial coding occurs in @ highly distributed manner. This means that the
visual receptive fields are large and overlapping so thal any cell maps an
extensive region of visual field and the representation of a point targer
extends over a considerable region of the collicular map. The $C thus uses

a distributed population code 10 represent visual and oculomotor dires-
F I

tion, a property first remarked on by Mcllwain (1976; see also Mcllwain,
1991). Experimental studies such as that of Lee eral (1988), illustrated in

b and others have
shown that simultaneous stimulation of two separate locations in the

4,12, have confirmed these findings: Robmson (19

motor map of the 5C will produce & saccade which is a vector average, in

wich the same way as that zeen in behavioural experiments (see also
Glimcher and Sparks, 1993),

This distributed represemtation assists in the conversion of a spatial, retino-

topically mapped visual signal to an appropriate temporal code for the

ne
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Figure 4.12 Demonstration of distribated codingan the monkey supenor colhaulus The left
hanad ce

urmnin shovws schematically the collicolas motor map: Stimulation at Iscations A B ar

respectvely leads oosaccades with the vectars shown inthetop row, The | ¢ aten shaws the

regron of collieulus achve before the 3% nghtwards sazcade obtamed by stimulation st AL The
frwer twn mowes shows the result of stmulaton following an injectionof hidocane centsed a

potnt A The dlark grey dres estimates the alfecad cegidn, Stiroulanen at A (centrel still results in

saccades 3° nghtwards, because the result of vector averaging from the unaffected regrons sums to

thit v

ctivr. Fleantver, eIy

at B now resdlts in adac

wde displaced towards the direction

abby thraugl stimulatian at pownt T, since the dark shaded region oo longer contributes 1o

the wector summation. From Lee erall (1985)

activation of the eye muscles. the details of which process are ouwtside the
scape of this volume (see Mcllwain, 1976 and Van Gisbergen gral, 1987 for
implementation suggestions). When only a single target is considered, dis
tributed representations are as accurate as point-to-point ones. However two
co-vecurring larwets will tend to form a single reépresentation, exactly the
feature found in the global effect {Section 4.4.3)
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4.5.1 Spatial coding and the saccadic system

An extremely influential article by Robinson (1975) affected much subsequent
thinking about the saceadic system. Bobinson noted the evidence that sac-
cades were directed towards some internal goal state and proposed that this
;__;rm] state was a location inoa mental represeniation of Space ]:-.‘E‘-'Iﬂ}". a head
centred organisation. Support tor this came, amongst other reasons, from the
demonstrated ability to make a saccade towards the source of a sound
(Zambarbieri et al,, 1982, Zahn et o, 1978). Sound localisation is dependent
principally on the difference in sound characteristics arriving at each ear and
is thus initially eoded wath respect to the head direction.

A further finding which supported Robinsons pnsition was that of Mays
and Sparks (1980), Mays and Sparks trained monkeys to saccade to a flashed
targetl in an otherwise dark room. Immediately after the target flash, they elec-

v stimulated a location in the 5C,°

[rec

artificial saccadic movement. The 1dea was 1o generate this movement in the

1s has the effect of generating an

latenicy pertod of the target dicited saccade and examine whether the manipu
lation changed the saccade characteristics: The results were unequivocal. The
monkey produced the saccade required 1o reach the target location from the
new position of the eyes following the stimulation saccade: In seime way, this
displacement hiad been 'taken into account’ as the movement was prepared.
Thie iclea of a head centred co-ordinate svstem has encountered some prob-
lems however. Signals in neural centres related 10 saccadic eve movements
seem invariably o use oculocentric, rather than head centred, co-ordinates
[(Moschovakis and Highstein, 1994, but see Section 9.3.3) An alternative
interpretation of the Mays and Sparks result by Droulez and Berthor
(1990, 1991) emphasizes motor memaory, This suggestion imvolves memory
relating 1o space being encoded in terms of related motor activaty so thar
memory for & visual feld location would be encoded 1 terms of the com
mand signals 1o direct the eyes at the location. This suggestion has support

from the finding of Jay and Sparks (1987) that the anditory representation of

space in the superior colliculus shifts with changes in eye position. Thus it s a
represenitation that allows the eves to be directed to a sound source, rather
than ha\'m‘g A absolute framework. Recent work, discussed in Chapter 9,

shows Uil the same process occes alse with the visual tepresentation,

4.6 The Findlay and Walker model

Findlay and Walker (1999) proposed that the mnsights gained into the organisa-
tiom of the orienting systern could be captured by the medel shown in Fig: 4,13,

The model is primarily a functional account but s also designed Lo be com

patible with the emerging physiological knowledge of the brain pathways

v

ed in orienting. & principal feature 15 the separation of the pathways

controlling WHEN and WHERE mformation, This shown by the two vertical
streams of the model. The WHERE strearn 15 a set of interconmectsd activity
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maps, resulting in a ‘salience map' from which the saveudic target locadion is
selected. The idea of a salience map has figured strongly in theories of visual
search (Section 6.4.3). Location coding in the activity maps occurs in a
distributed manner. In contrast, the WHEN stream is envisaged as a-single
individual sigral whase activity level varies: The horizontal bands represent
processing levels that become progressively kess antomatic ascending up the
higrarchy from battom to top, Interaction between the 1w streams occurs ot
the lower le

els i terms of reciprocal competitive inhibitidn

Lewel 1 is specifically designed to capture the interaction in the brain stem
between described in Section 4.3.1, with the burst cell system and the patse
cell systeny interacting reciprocally to trigger each saccadic movement, When
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the balance crosses some critical level, the saccade is irrevocably triggered,
This level | interaction is in turn influenced by the next level in the hierar-
chy. At level 2, a push-pull competitive interaction occurs between the fixate
centre and the move centre. The operations at level 2 are similar to those at
level 1 but whereas level 1 operates 1n a highly automatic manner 1o eftect a
rapid movement, level 2 works by a slower and more variable build up in one
centre and declines in the other. This time consuming process is largely
responsible Tor the exact pomnt in time at which the saccade is generated,
Although level 2 shows obvious similarities to the processing in the superior
colliculus (Section 4.2.21, Findlay and Walker avoid the exclusive identifica-
tion with 5C processes and sugpest that similar competitive interaction may
also ocour in other brain centres.

Level 3 reflects the fact that transient visual evenls appear 10 have auto-
matic and unavoidable influences on the orienting process, Events at the point
currently fixated have a substantial and unavoidable effect on the fixation
systerm, Events in the periphery have an automatic effect on the salience map
of the move centre, although whether thas leads to overt orienting depends on
the state of the level 2 fixate/move balance. Fvents in the periphery also influ-
ence the fTxate system, shown as a cross-linking pathway: Level 4 and level 3
are much more loosely designated and sketch how higher order influences
might plava role.

The model accounted for a number of well-established findings in saccadic
orienting, specifically the pap offect, express saccades, the remote distractor
effect and the global cifect, The model was presented in a journal with open
peer commentary, most of which was supportive of the approach, often pro-
posing moere detailed schemes of implementation. Indeed two such schemes
have appeared in subsequent publications (Clark, 1999 Trappenberg eral,
20011 An interesting detanl supgestion from physiological workers derives
from the proposal originally made by Krauzhis et al. {1997) that fixation cells
and build-up cells form a continuum, This offers @ more integrated account
of level 2 processes in which a single activity map projects differentially 1o
level 1; projections in the WHEN pathway being mainly but not exclusively
from the region representing the [ovea and projections in the WHERE path-
way being from the remainder of the map. A fnal pomt te note is that the
model cannot, as formulated, offer any account of paired programming
(1 Section 4.4.4).

4.7 Development and plasticity

[he account given in the previous sections has described a set of smeothly
funciening neural processes that are now rather well undersiood. In this
section we review first evidence that these orienting mechanisms are present
m some form at a wery early stage of life and fnally discuss adaptive

mechanisms that maintain the accuracy of orienting,
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The development of visual orenting has been the subiect of much syslematic
study, Orienting responses to salient peripheral tarpets are present from hirth, at
feast within the central 30 degrees of the periphery (Maurer and Lewis, 1998,

The probabdity of an orienting response oceurring depends upon stimulus vari- |
ables such as size-and contrast, With age, the area of the visual field thar provokes
orienting expands and the latencies of orienting responses decrease. Aslin and !

Salapatek (1975) reported that infants in the first two months of life orented by
using a staircase pattern of small saccades rather than a single one, although
there is also evidence that mare adult-like saccadic rEsponses occur with mors |
realistic stimulus material (Hainline, 1998}, Evidence thar competition behween
stimuli at fixation and peripheral targets appears from a very early age coimes
from the demonstration that the gap effect (Section 22,1} is found with young
mfants (Hood and Atkinsorn, 19930 A particularly intéresting phenomenon
termed ‘sticky fixation’ often occursat around 1-2 months of age where babies
can show great relisctance to move away from a central target ( Hood ez al, 1998}

One aum instudying visual development is to relate behavioural findings to
knowledge about neurslogical maturation, An influential Faper by Bronsan
(1974) suggested that, below about two months of age, all visual processing
was carcted out subcortically and that the 5C formed the maior arienting cen-
tre in infants. This posiion has gradually become less tenable with the appre-
aation that the retino-collicular pathway 1s-probably not connected to the
collicular orienting centres (Section 43,23, and demonstrations of infant
capacities beyond these previously used by Bronson support his argument
Slazer et al, 1982), Tohnson (1997 has articulatad & position more in line
with current understanding of brain orienting processes,

The orienting response achieves a transformation from an input signial, the
lncation of thevisual target on the réting, to an aiitput signal, the oculomotor
command, Eve saccades are ballistic and stereotyped (Section 2.41 so that the
immediate response is deterministic. Howsver over longer time perinds, the
coupling between input and output can be adjusted. Such adiustment main-
tains the accuracy of the orienting and allows the system 1o work elfectively in
spite of changes in muscle strength, both normal and pathological,

An impressive carly demanstration of these adaptive mechanisms ocourred
in & study by Kommerell er al (1976}, These workers studied a patient who
had a muscle paresis (weakness) in one eye only, When an eye patch was
placed over the normal eve, it was found that, following a period of a few
heurs, the amplitude of the saccades elicited by a target {presented in etther
eve) had increased. Switching the patch aver to the abnormal eye reversed the
process and a gradual decrease in the size of movernents oaccurred. In some
way the system was able 1o adjust o the information that the eye was not
reaching its desired target,

Similar adaptation can readily be shown in the laboratory with an ingen-
wous paradigm first introduced by McLoughlin (19673, A target 15 displayed on
a screen Lo initiate a saccade: The observer's eve pasition s monitered and, as

M




VISUAL ORIENTING 81

B® onward sleps
0 backward steps

w rE{Z(IVEF}'

BT o uc

Saccadic gain (%)

.

70 L
3 o]
- 8 o}
2 e
il : t :
D o0 100 150 200

Trial number

Figure 4,14 Adaptation of saccade gam resulting from displacement of the target during an

orenting saccade. The plot shows the steady incremental change in saccade gain {saccade
amplitude = target-displacement); From Deubel {1991)

soon as the orienting saccade starts, the target 15 moved 0 a new location.
Saccadic suppression {Section 2.4.3) ensures that such a change is undetectable
o the observer, Mevertheless,

a5 shown in Fig. 4.14, if such a manipulation
accurs regularly over a series of saccades, adaptation is found, The significance
of this finding is taken up again in Chapter 9,

Deeubel (1987, 1931, 1995) has demonstrated a number of properties of this
adaptation. Generalisation tests involve adapting to changes made to saccades
to one specific target location, and testing the effect on target-clicited saccades
at a variety of locations. These show that adaptation generalises onlv to
a.small set of directions adjacent to that experienced during the adaptation

period. In contrast, adaptation of saccades at one particular amplitude
demonstrates substantial transfer to saceade of different amplitude in the
same direction. Separate adaptation mechanisms can be demonstrated for
target-eficited saccades and lor volitional saccades,




