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Abstract 
How does the brain coordinate saccadic and smooth pursuit eye movements to track objects that 

move in unpredictable directions and speeds? Saccadic eye movements rapidly foveate 

peripheral visual or auditory targets, and smooth pursuit eye movements keep the fovea pointed 

toward an attended moving target. Analyses of tracking data in monkeys and humans reveal 

systematic deviations from predictions of the simplest model of saccade-pursuit interactions, 

which would use no interactions other than common target selection and recruitment of shared 

motoneurons. Instead, saccadic and smooth pursuit movements cooperate to cancel errors of gaze 

position and velocity, and thus to maximize target visibility through time. How are these two 

systems coordinated to promote visual localization and identification of moving targets?  How 

are saccades calibrated to correctly foveate a target despite its continued motion during the 

saccade?  The neural model proposed here answers these questions. Modeled interactions 

encompass motion processing areas MT, MST, FPA, DLPN and NRTP; saccade planning and 

execution areas FEF, LIP, and SC; the saccadic generator in the brain stem; and the cerebellum. 

Simulations illustrate the modelôs ability to functionally explain and quantitatively simulate 

anatomical, neurophysiological and behavioral data about coordinated saccade-pursuit tracking; 

 

 

Key Words: saccade; smooth pursuit; eye movement; visual tracking; MT; MST; FEF; LIP; SC; 
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Introduction 

Saccadic eye movements (SAC) shift the fovea rapidly to a peripheral visual or auditory target, 

and smooth pursuit eye movements (SPEM) keep the image of an attended moving target near 

the fovea. This paper introduces a model of how these two eye movement systems are 

coordinated to maintain foveation during tracking.  The SAC system transforms the eccentricity 

of a targetôs retinal image relative to the fovea into the direction and amplitude of a foveating 

saccade (Robinson, 1964). The SPEM system can use differences between eye and target 

velocities to compute retinal slip, or gaze velocity error, to adjust SPEM (Lisberger & 

Westbrook, 1985; Krauzlis, 2005). However, retinal slip signals are insufficient for maintaining 

SPEM because slip is zero whenever eye velocity matches target velocity. Moreover, due to 

visual delays and SPEM velocity saturation, the oculomotor system cannot track by SPEM alone 

at high speeds. Tracking speedy targets requires ñcatch-upò saccades, which should be 

minimized because vision is degraded during saccades.  

Such constraints raise many questions.  How does SAC-SPEM coordination promote 

visual localization and visibility of moving targets? What governs decisions to initiate a saccade 

during smooth pursuit?  Do SPEM system signals improve that decision?  What happens to 

SPEM commands during saccades? Do SPEM commands help calibrate SAC commands to 

moving targets?  

The SAC and SPEM systems have often been treated as separate and parallel systems 

interacting at only two stages: target selection and the motoneurons that control eye muscles. 

However, recent data imply further interactions (Krauzlis, 2004; de Brouwer, Missal, Barnes, & 

Lefèvre, 2002; de Brouwer, Yuksel, Blohm, Missal, & Lefèvre, 2002; Orban de Xivry & 

Lefèvre, 2007). In the Rashbass paradigm (Rashbass, 1961), ramp motion of a target follows an 

abrupt step of target position in the opposite direction. To begin tracking, monkeys sometimes 

begin with a catch-up saccade and sometimes show SPEM without an initial saccade. Because 

SAC probability depends on both step size and ramp speed (de Brouwer et. al. 2002a, 2002b; de 

Brouwer, Missal, & Lefèvre, 2001;), target motion information supplements target position 

information in the control of SAC decisions. 

Although prior SAC models (e.g., Brown, Bullock, & Grossberg, 2004; Dominey & 

Arbib, 1992; Droulez & Berthoz, 1991; Gancarz & Grossberg, 1999; Girard & Berthoz, 2005; 

Grossberg & Kuperstein, 1986; Grossberg, Roberts, Aguilar, & Bullock, 1997; (Jurgens, Becker, 

& Kornhuber, 1981; Optican & Quaia, 2002; Waitzman, Ma, Optican, & Wurtz, 1991) have 

omitted control by motion signals, such models have served as bases for many other aspects of 

the SAC-SPEM model presented here. Grossberg et al. (1997) predicted how visual, auditory and 

planned representations of target positions are aligned through learning of a multi-modal map 

within the superior colliculus (SC). Grossberg et al. (1997) and Brown et al. (2004) further 

modeled how movement gating by substantia nigra modulates release of SC motor commands. 

Gancarz and Grossberg (1999) proposed how several brain regions cooperate to control and 

adapt saccades, including how the cerebellum (CBM) corrects saccadic errors with learned 

context-sensitive saccadic gains.  Optican et al. have proposed that the cerebellum makes on-line 

corrections to saccade trajectories (Lefèvre , Quaia & Optican 1998; Quaia, Lefèvre & Optican. 

1999; Optican and Quaia, 2002). However, as noted by Girard and Berthoz (2005, p. 223) ñTheir 

point of view is a bit extreme, as, in their models, the superior colliculus and [saccade burst 

generators in the brainstem] have great difficulties generating saccades é without the help of the 

cerebellumò.  
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Figure 1 (a) Modeled interactions among brain regions implicated in oculomotor control.  Black boxes denote areas 

belonging to the saccadic eye movement system (SAC), white boxes the smooth pursuit eye-movement system 

(SPEM), and gray boxes areas that belong to both systems.  LIP ï Lateral Intra-Parietal area; FPA ï  Frontal Pursuit 

Area; MST ï Middle Superior Temporal area; MT ï  Middle Temporal area; FEF ï Frontal Eye Fields; NRTP ï 

Nucleus Reticularis Tegmenti Pontis; DLPN - Dorso-Lateral Pontine Nuclei; SC - Superior Colliculus; CBM ï 

cerebellum; MVN/rLVN ï Medial and Rostro-Lateral Vestibular Nuclei; PPRF ï a Peri-Pontine Reticular 

Formation; TN ï Tonic Neurons.  (b) Constituents of the saccade generator in the PPRF, and projection of 

omnipauser neurons to the pursuit neurons of the MVN/rLVN. Arrows indicate excitatory connections, and semi-

circles indicate inhibitory connections. OPN - Omni-Pauser Neurons; LLBN ï Long-Lead Burst Neurons; EBN- 

Excitatory Burst Neurons;  IBN ï Inhibitory Burst Neurons;  TN - Tonic Neurons. 

 

An important precursor of the present model is the SPEM model of Pack et al. (2001), 

which simulates human psychophysical data and monkey neurophyisological data about MST 

(Newsome, Wurtz, & Komatsu, 1988). As in the Robinson et al. (1986) model, Pack et al. (2001) 

used an efference copy of eye velocity added to the targetôs retinal slip to construct an internal 

representation of predicted target velocity that persists even if retinal slip is zero. Cerebellum-

mediated gain and time-delay adaptation within a Robinson-type model were also simulated in 

Arakawa (2003). However, none of these models addressed SAC-SPEM interactions. 
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Model Overview 

The new SAC-SPEM model circuit (Figure 1) consists of two parallel, yet interacting, processing 

streams. It unifies and further develops the SAC model of Grossberg et al. (1997) and Gancarz 

and Grossberg (1999), and the SPEM model of Pack et al. (2001).  The model predicts how both 

types of movements are coordinated during tracking of unpredictably moving targets that give 

rise to movement-dependent retinal-slip error signals and positional error signals, among others.  

 

SMOOTH PURSUIT 

SYSTEM 

 SACCADIC SYSTEM 

Symbol Stands For Symbol Stands For 
v(i,j) Retinal velocity input 

at position (i,j) 
ijr  Retinal input at position 

(i,j) 

ijvdm-  MT
ï
 cells 

ija  LIP cells 

ijvdm+  MT
+
 cells 

ijb  SC burst layer cell 

V

ds  MSTV cells 
iju  SC buildup layer cell 

D

ds  MSTD cells 
ffu  SC fixation cell 

I

df  FPA input cells I

ijf  FEF Planning layer 

cells 
S

df  FPA summation cells O

ijf  FEF output layer cells 

O

df  FPA output cell I

fff  FEF fixation layer cell 

Pg  Signal reflecting target 

choice for SPEM by a 

cortico-BG-thalamo-

cortical loop 

Pg  Signal reflecting target 

choice for SAC by a 

cortico-BG-thalamo-

cortical loop 
D

vdp  DLPN cells 
ijn  Nigral cell 

N

adp  NRTP acceleration 

cells 

F

ijc  Cerebellar controlled 

FEF input 
N

vdp  NRTP velocity cells S

ijc  Cerebellar controlled 

SC input 
D

vdW  Adaptive weights 

between DLPN and 

saccadic part of 

Cerebellum 

S

ijW , F

ijW  Adaptive weights for 

both horizontal  and 

vertical saccades from 

cerebellum for SC and 

FEF signal 
PIq  Pursuit drive along q SIq Saccade drive along q 

P

dc  Cerebellar pursuit cells lq Long lead Burst cells 

along q 

hq Pursuit neurons along 

q 

 eq Excitatory Burst cells 

along q 

 
Table 1 .  Symbols of the commonly used cells and connection weights in the simulations 
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Table 1 summarizes the neuroanatomical cell types and connections whose functional role and 

neurophysiological dynamics are unified within the SAC-SPEM model. Model equations and 

simulation details are in the Supplementary Material. The model was earlier briefly reported in 

Srihasam et al. (2005, 2006a, 2006b, 2007). A model extension simulates additional data about 

target selection by frontal cortex in Srihasam et al. (2009). 

The SPEM stream. How can the brain maintain SPEM during accurate pursuit when 

retinal slip signals from the tracked object are near zero? Pack et al. (1998, 2001) proposed 

combining target-motion, eye-speed, and background-motion signals in ventral MST (MSTv). 

This solution exploits computationally complementary properties, in MSTv and dorsal MST 

(MSTd) that are devoted to target tracking and optic-flow-based navigation, respectively. MSTv 

receives inputs from MT
-
, in which subtractive processing via on-center off-surround directional 

receptive fields generates signals sensitive to the discontinuities in motion direction that arise at a 

moving targetôs boundaries. MSTd computes the heading, or self-motion direction, of a 

navigator moving through the world. It does this using additive processing via large directional 

filters that accumulate information about optic flow (Born and Tootell, 1992; Wurtz et al., 1990).   

The model explicates how cells in MSTv can maintain an estimate of predicted target 

speed. As SPEM velocity approaches target velocity, retinal slip signals from MT
-
 become 

smaller, so MSTv cells receive less excitation. Simultaneously, background motion in the 

opposite direction becomes correspondingly larger. The model exploits the compensatory nature 

of such background whole-field motion, computed in MSTd, by adding it to those MSTv cells 

that compute predicted target speed in the opposite direction. In addition, corollary discharge 

signals that reflect current eye velocity input to the MSTv cells. Taken together, the background 

motion and eye velocity signals compensate for the loss of retinal slip signals as pursuit nears 

target speed. Support for this prediction was reported in neurophysiological experiments by Born 

et al. (2000). 

To incorporate these mechanisms into its SPEM circuits, the current model contains 

visual area MT
-
 and MT

+
 cell types (Figure 1; equations (9) and (12)) that are selective for the 

direction and speed of visual stimuli that fall within their retinotopic receptive fields (Albright, 

1984; Maunsell & Van Essen, 1983). The 800 model MT cells provide inputs to the modelôs 

MSTv and MSTd cells (see equations (13) and (15)), which pool model MT inputs to become 

direction-selective and speed-sensitive, but not speed-selective. The model MSTv cells also 

receive background motion signals in the opposite direction, from MSTd cells, as well as 

corollary discharge inputs corresponding to current eye velocity from model MVN cells (Figure 

1a; see equations (14) and (26)). They therefore compute an estimate of predicted target velocity 

that remains accurate as the growth of eye velocity toward target velocity undermines the target-

induced retinal motion signals that drive model MT cells. 

This model MSTv target velocity estimate drives a frontal cortical representation of 

desired pursuit velocity. This hypothesis is consistent with data showing that the frontal pursuit 

area (FPA), at the rostral bank of the arcuate sulcus, receives strong inputs from MST (Huerta, 

Krubitzer, & Kaas, 1987; Tian & Lynch, 1996a, 1996b). Model and real FPA cells have high 

direction-selectivity and speed-sensitivity, but almost no speed-selectivity (Gottlieb, Bruce, & 

MacAvoy, 1993; Tanaka & Lisberger, 2002b). 

Model FPA cells (described in equations (16) ï (19)) project (Brodal, 1980a; Giolli et al., 

2001) to the model NRTP (nucleus reticularis tegmenti pontis), which includes  acceleration cells 

and velocity cells (Ono, Das, Economides, & Mustari, 2005; Ono, Das, & Mustari, 2004; Suzuki, 

Yamada, Hoedema, & Yee, 1999; T. Yamada, Suzuki, & Yee, 1996).  Model NRTP velocity 
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cells (equation (23)) integrate the output of model NRTP acceleration cells (equation (22)).  The 

model predicts that the latter compute the difference between an excitatory target-velocity 

command from FPA and an inhibitory eye-velocity signal from model MVNs.  The computed 

difference between model FPA and MVN activations estimates the eye acceleration needed to 

match target velocity, so both cell types enable the model NRTP to guide SPEM initiations. 

Parallel to the FPA-NRTP pathway, a second pathway exists for the transmission of 

SPEM-related information from the cortex to the cerebellum via the pons: Model MT cells 

project to model DLPN (dorsal lateral pontine nucleus) cells. which, in turn, project to the 

cerebellum (CBM); see Figure 1a. The DLPN cells have been implicated in maintenance of 

SPEM (Mustari, Fuchs, & Wallman, 1988; Suzuki & Keller, 1984). In the model, the DLPN 

cells have speed and directional selectivities similar to MT cells, but they lack retinotopic 

specificity (equation (21)). 

The saccadic stream.  Reflexive saccades are drawn to sounds and visual changes. 

Planned saccades move the eye to intended loci, including loci that lack stimuli when an eye 

movement begins (White, Sparks and Stanford, 1994).  The saccadic system often executes a 

movement to a planned locus despite stimulation at alternative loci and detailed neural models 

have been developed to explain how this may occur (Brown, Bullock, and Grossberg, 2004; 

Gancarz and Grossberg, 1999; Grossberg, Roberts, Aguilar and Bullock, 1997). However, 

visually reactive, auditory, and planned saccades compete, and intense stimuli sometimes take 

precedence over a plan.  

Because visual cues are registered in retinotopic coordinates, whereas auditory cues are 

registered in head-fixed coordinates, a transformation must be learned to align corresponding 

visual and auditory representations. Grossberg et al. (1997) modeled how burst and buildup cells 

in the deeper layers of SC may contribute to this learned coordinate transformation. Gancarz and 

Grossberg (1999) extended this model to include visual, parietal, and prefrontal cortical areas 

that interact to control adaptation of reactive, attentive, and planned saccades. The present 

unified SAC-SPEM model builds on these reports, which extensively surveyed relevant data.  

Below, we focus on data relevant to new SAC-SPEM interactions. 

In the SAC system, retinotopically organized visual signals produce saccadic target 

choices in the model SC (equations (30) ï (45)), LIP (lateral intra-parietal area; equation (59)), 

and FEF (frontal eye fields; equations (48) ï (57)). Model FEF outputs input to corresponding 

retinotopic loci in two interacting layers of the motor error map of the model SC: activated SC 

burst cells (equation (30)) excite corresponding buildup cells (equation (35)) . 

SC outputs reach the modelôs cerebellum and the saccade generator circuit (Figure 1b) in 

the para-median pontine reticular formation (PPRF), which contains populations of SAC- and 

SPEM-related cells, some of which output to the oculomotor neurons.  Outputs from cerebellar 

and SC stages converge at model long-lead burst neurons (LLBN). The model LLBN activity 

(equation (73)) encodes the gaze-position error and these cells excite corresponding excitatory 

burst neurons (EBNs). The model EBNs (equation (74)) project to the tonic neurons (TNs), 

which integrate inputs from EBNs and excite the model oculomotor neurons. The model EBNs 

also excite inhibitory burst neurons (IBNs), which inhibit the model LLBNs, thereby completing 

an internal negative feedback loop (equation (75)). Except during saccades, the model EBNs are 

inhibited by model omni-pause neurons (OPNs), whose pausing disinhibits saccades of all 

directions (citations in Table 1). 

Shared omni-pausers.  Real OPNs are located in the nucleus raphe interpositus (Buttner-

Ennever & Horn, 1997; Langer & Kaneko, 1990). Model pursuit neurons (PNs) in the vestibular 
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nuclei (MVN/rLVN) receive input from the cerebellum and project to TNs, which are shared by 

SAC and SPEM systems.  Model PNs are weakly inhibited by, and themselves inhibit, model 

OPNs, also shared by both systems. About 50% of OPNs show 34% reduced activity during 

smooth pursuit (Missal & Keller, 2002), whereas most OPNs pause more deeply during saccades 

(Everling et al., 1998; Munoz et al., 2000).  Thus the spontaneously active OPNs normally 

oppose saccades and SPEM.  Shallow OPN pausing can release SPEM but not saccades, whose 

releases require deeper pauses. 

 

 

Figure 2 (a) Cortico-colliculo-reticular control of saccade initiation. The figure illustrates a pathway 

from foveal and para-foveal cells in cortical area MT to the rostral pole of the SC and then to the OPNs in 

the PPRF. Effective tracking causes MT foveal cells to become active. This, in turn, activates fixation 

cells present in the rostral SC. Such SC cells excite OPNs, which can inhibit saccade initiation or suspend 

on-going saccades. (b) Sustained pursuit and integration of acceleration signals in NRTP.  In the model, 

sustained pursuit is possible even if successful SPEM drives the retinal slip rate to zero, because pursuit is 

guided by a cortical estimate of target velocity, not by retinal slip as such.   To update the SPEM velocity 

command, the model utilizes an internal negative feedback loop to compute the difference between the 

cortical estimate of target velocity (

 

( 
T ) and the currently commanded eye velocity (

 

( 
E ), which strongly 

depends on learned cerebellar inputs to the vestibular nuclei.  The computed difference between two 

velocity estimates yields a desired acceleration signal, which must be integrated to form a sustained 

command for desired SPEM velocity.  The model NRTP performs differencing and integration to create 

both acceleration and velocity cells, and with the NRTPôs receipt of high-level velocity-related signals 

from the FPA (frontal pursuit area) and low-level velocity-related signals from the MVN (medial 

vestibular nucleus). The model NRTP acceleration cells thus act as a comparator between the estimated 

target velocity and estimated eye velocity. The output from these cells is integrated by the model NRTPôs 

velocity neurons 
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SPEM system inhibition of SAC initiation via an MTïSCïOPN pathway.  Behavioral data 

(simulated below) suggest an intelligent mechanism to inhibit saccade initiations during SPEM,  

when targets are foveal or parafoveal (i.e., when positional error (PE) is low). Pursuit-related 

neural activity is reliably observed in the SC: Rostral parts of SC (rSC) contain cells that respond 

to both SPEM and saccadic eye movements (Krauzlis, Basso, & Wurtz, 2000). As schematized 

in Figure 2, area MT sends strong excitatory projections to rSC (Collins, Lyon, & Kaas, 2005; 

Davidson & Bender, 1991; Maioli, Domeniconi, Squatrito, & Riva Sanseverino, 1992; Spatz & 

Tigges, 1973), which provides the main excitatory input to OPNs (Everling, Pare, Dorris, & 

Munoz, 1998; Gandhi & Keller, 1997; Pare & Guitton, 1994).  In the model (Figures 1 and 2a), 

MT foveal and para-foveal cells, which are active when pursued targets are on or near the fovea, 

inhibit saccades via an excitatory pathway from MT to rSC to the OPNs. 

Cerebellar learning calibrates SPEM and SAC commands.  Learning keeps SAC and 

SPEM accurate as eye muscles and other system parameters change. Cerebellar inactivation or 

lesion causes deficits in adapting both SAC and SPEM (Takagi, Zee, & Tamargo, 1998). Each 

output cell in retinotopic model FEF (equation (63)) and SC (equation (62)), each speed-sensitive 

cell in model DLPN (equation (21)), and each direction-sensitive cell in model NRTP (equation 

(23)) sends signals to the cerebellum (Thier & Ilg, 2005). These signals are modified by 

cerebellar learned weights. Weighted saccade-related cerebellar outputs (described in equation 

(70)) reach the model PPRF (Figure 1a), locus of the saccade generator (Figure 1b); and  

weighted pursuit-related cerebellar outputs reach the pursuit neurons (PNs) in the medial and 

rostro-lateral vestibular nuclei (MVN/ rLVN) of the brain stem (Figure 1a). 

 

Results: Model Simulations of SAC-SPEM Data 

Simulation 1: Threshold for catch-up saccades. During sustained pursuit of a target, the 

target may undergo an unexpected step change in position and velocity (de Brouwer, Yuksel et 

al., 2002). In general, catch-up saccades follow these unexpected steps. Catch-up saccades occur 

in the same direction as SPEM (forward saccades) as well as the opposite direction (reverse 

saccades). Parametric studies (de Brouwer, Yuksel et al., 2002;Tanaka, Yoshida, & Fukushima, 

1998) show that the size and direction of the step controls the generation of the catch-up 

saccades. If the position step is small and in a direction opposite to target motion, catch-up 

saccades are generally omitted (de Brouwer, Missal et al., 2002; Missal & Keller, 2002). Thus, 

saccades are not reflexively generated to modest position errors during SPEM. 

Rostral SC (rSC) contain cells that are responsive to both SPEM and SAC eye 

movements (Krauzlis et al., 2000). Stimulation of these cells can suppress saccades without 

preventing smooth pursuit movements (Basso et al., 2000). The model attributes this behavior to 

the differential strength of inhibition from the OPNs to the SPEM and SAC systems. Model 

OPNs inhibit the SAC system more strongly than the SPEM system. Because of the weaker 

model OPN inhibition of SPEM than SAC stages, model rSC activation during pursuit can 

suppress saccades without significantly inhibiting SPEM.  This accords with observations that, 

during pursuit initiation, artificial stimulation of the rSC has only modest effects on 

contraversive SPEM although it suppresses ipsiversive SPEM. One possible explanation for the 

ipsiversive inhibition is that antidromic input from SC might reach MT (via pulvinar) and cancel 

the visual input present at that location. The effects of stimulation varied, such that the most 

rostral sites produced the most inhibition of ipsi-versive pursuit (Basso, Krauzlis, & Wurtz, 

2000).  Such artificial stimulation was also more effective on higher pursuit speeds. 
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Figure 3. Step-ramp paradigms illustrate dual control of saccade decisions: Data and simulations.  The 

left column (a) shows data from humans exposed to step-ramp paradigms (reprinted, with permission, 

from de Brouwer et al., 2002). The right column (b) shows model simulation results that replicate 

performance in these experimental paradigms. For both simulations (top and bottom panels), the target 

initially jumped 3° left and started moving rightwards with a speed of 20 °/s.  For the top panel, At t = 1 

sec, the target again jumped by 5° left and started moving rightwards with a speed of 30 °/s.  For the 

bottom panel, the target again jumped by 5° right and started moving leftwards with a speed of 30 °/s.   

Each panel shows horizontal target position (dotted trace) and gaze-position (continuous trace) versus 

time. Once foveation of a target is achieved, a step change in either position or speed, or both, 

unexpectedly occurs.  The top row shows, near t=1 sec, a backward step in position, i.e., in a direction 

opposite to the prior target motion and SPEM. That target step is followed by continued target motion in 

the original direction, but at increased speed. This combination does not induce a catch-up saccade. The 

bottom row shows a step along the direction of prior target motion, followed by a reversal of target 

motion direction.  This combination also induces no catch-up saccade.  Thus, even in the presence of a 

significant gaze-position error, a saccade is usually omitted when the targetôs motion is reducing the error 

and is therefore likely to render the saccade unnecessary. 

 

 

Simulation 2: Post-saccadic enhancement of pursuit motion. Tracking a moving stimulus 

from rest usually includes a period of smooth pursuit followed by a catch-up saccade, which 

brings the eye close to the position of the target. Immediately after the saccade, eye velocity 
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closely matches target velocity even though pre-saccadic eye velocities were much lower 

(Lisberger, 1998). This phenomenon is called SPEM ñpost-saccadic enhancementò. Lisberger 

(1998) proposed that saccades activate a switch that controls the strength of activation (or gain) 

of the pursuit pathway. Therefore, if pursuit is initiated without a saccade ï i.e. with this switch 

ñclosedò ï the pursuit system takes more time to reach target velocity. OPNs are well suited to 

mediate post-saccadic enhancement because model OPNs pause moderately during SPEM but 

deeply during saccades. We posit that, for such a gain switch to improve overall performance, it 

should operate within an internal negative feedback loop (Figure 2b) which prevents the eye 

velocity command that results from enhanced gain in the pursuit pathway from increasing much 

beyond the current estimate of target velocity. 

 What anatomical substrates realize these mechanisms? The NRTP contains gaze 

acceleration and gaze velocity cells (Ono et al., 2005; Ono et al., 2004; Suzuki et al., 1999; 

Suzuki, Yamada, & Yee, 2003; Yamada et al., 1996) that act as velocity-comparison and 

velocity integrator cells (Figure 2b). Model FPA cells output to the NRTP of the brain stem 

(Brodal, 1980a, 1980b; Giolli et al., 2001). Model vestibular nuclei (MVN/rLVN), whose 

efferents control pursuit eye movements, also send collateral signals to NRTP (Torigoe, Blanks, 

& Precht, 1986). These efference copies are extra-retinal signals of the current eye velocity. 

NRTP acceleration cells subtract this eye velocity estimate from the current target velocity 

estimate generated by the FPA output cells. NRTP velocity cells then integrate the activity of 

NRTP acceleration cells. Any mismatch between the current eye velocity and estimated target 

velocity generates a compensatory signal that pushes the current eye velocity towards the 

estimated target velocity. Thus post-saccadic enhancement operates within a circuit that matches 

eye velocity to predicted target velocity. 

Figure 4 compares the results of model simulations (right column) with data (left column, 

from (Lisberger, 1998).  Panels 4a ï 4d show traces of eye velocity, and target and eye positions, 

for a single target step combined with different motion onset times. In panel 4a, there is no delay 

between the initial target step and subsequent smooth motion. As the delay between the initial 

step and the onset of subsequent smooth target motion increases to 50, 100, and 150 ms in 4b ï 

4d, the pursuit system has decreasing time to estimate the target velocity before saccade 

initiation. In the model, insufficient time leads to a velocity underestimate, and this causes 

reduced post-saccadic eye velocity ï visible in both simulations and data. While the traces 

(Figures 4c and 4d, right side) in simulations look qualitatively similar, the simulations show a 

lower post-saccadic enhancement due to noise in the system.  Longer latencies between target 

step and motion onset cause hypometric saccades because, as explained below, saccades are pre-

adapted to compensate for estimated target motion. This is corrected by a subsequent saccade as 

seen in 4c and 4d. However, the interval between successive saccades is long enough 

(Kalesnykas and Hallett, 1994, 1996) that the motion system can accurately estimate target 

velocity. At the end of the second, correcting, saccade (cf., Figure 4c and 4d), the pursuit eye 

velocity can exceed target velocity. But, the proposed negative feedback from model 

rLVN/MVN to model NRTP acceleration neurons (Figure 2b) limits any such velocity 

overshoots. Once the SPEM velocity exceeds estimated target velocity, input to the NRTP 

velocity integrators terminates, and the opposite direction is activated. Such an internal negative 

feedback also helps explain small steady-state oscillations around the target velocity (cf., 

Arakawa, 2003; Robinson, Gordon, & Gordon, 1986). 
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Figure 4. Saccadic enhancement of the rate of change of pursuit velocity. The time it takes to make a 

transition from one SPEM velocity to another depends on saccadic activity. The rate of change of SPEM 

velocity during a saccade is higher than during a non-saccadic period. It has been postulated that a switch 

that is partly controlled by the saccadic pathway modulates the SPEM command. In the model, this 

interaction arises because OPNs used by the saccadic system also inhibit brainstem neurons that carry the 

SPEM velocity command (see Figure 1 (b)).  Each of panels (a) - (d) in the left column show an eye 

velocity trace (truncated at the high velocities achieved during saccades) above target position and eye 

position traces for a monkey performing a variant of the step-ramp paradigm (reprinted, with permission, 

from Lisberger, 1998). Although the step in position was always 4 ̄and the change in ramp slope (target 

velocity) was always 20̄/s, in panel (a) the target step onset and the ramp motion onset coincided, in 

panel (b) the ramp motion was delayed for 50 ms, in panel (c), for 100 ms and in panel (d), for 150 ms. In 

panels (c) and (d), the SPEM velocity after the first saccade is notably less than the target velocity. The 

right column shows that model simulation results closely match the data. 

 

 

Simulation 3: MT modulates pursuit gain after a saccade. In adults, pursuit gain (the 

ratio of eye velocity to target velocity) is usually around 1.0.  However, modest deviations above 

or below unity are often observed in SPEM after saccades, and such departures compensate for 

modest foveation errors remaining after the prior saccade.  If the saccade overshoots, but by too 

little to evoke a corrective saccade, a SPEM gain less than one allows the target to catch up to the 

moving line of gaze.  If the saccade undershoots, a SPEM gain above unity allows the line of 

gaze to catch the target, without a catch-up saccade. Such behavior avoids the loss of visibility 

that would be entailed if small gaze position errors always elicited corrective saccades.  In the 

model, such ñsaccadic chatterò is avoided via two complementary mechanisms.  First, the 

foveation error must exceed a positive threshold to elicit a saccade.  Second, overshoots and 

undershoots affect the size of the population recruited in area MT, and this population response 

scales the pursuit gain in a way that compensates for overshoots and undershoots (Figure 5g). 
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Since model MT receptive fields do not cross the vertical meridian, an overshoot, accurate 

saccade, or undershoot, respectively, can cause recruitment of (relatively) low, medium, and high 

numbers of active MT cells in the controlling hemisphere. These recruitment levels lead to 

corresponding pursuit gains, of 1 - e, ~ 1, and 1 + e, where e is a small fraction of 1. See Figure 1 

for a simulation illustrating the latter property. 

 
 
Figure 5. Pursuit gain drops transiently after a saccadic overshoot. Panel (a) shows simulated eye 

position for an accurate saccade (dashed black trace) and a saccade that overshoots the target (solid blue 

trace). When catch-up saccades made in the direction of target motion overshoot by modest amplitudes, 

the system (real and simulated) does not compensate by a reverse saccade, which would reduce visiblity. 

Instead, it compensates by reducing SPEM velocity (panel (b), solid blue trace), and thus pursuit gain, the 

ratio of eye to target velocity. This relative slowing of the eye allows the target to catch up. The interval 

from t=800 to t=1700 shows the period in which the pursuit gain is reduced, with foveation occurring at 

t=1700. In the model, gain reduction cannot be explained by the depth of OPN pausing (panel (c)), nor by 

the saccade-related activity in SC (panel (d)). But a clear difference between the two episodes is apparent 

in two sites, MSTv (panel (e); the dashed line is the activity of MSTv cell in the opposite hemisphere in 
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the overshoot episode) and DLPN (panel (f)), that are excited by area MT.  Panel (g): In area MT, an 

overshoot, an accurate saccade, and an undershoot respectively entail recruitment of (relatively) low, 

medium, and high numbers of  area MT cells in the controlling hemisphere.  These recruitment levels lead 

to corresponding pursuit gains, in the immediate postsaccadic interval, of 1 - e, ~ 1, and 1 + e, where e is 

a small fraction of 1.  For these simulations, the initial target jump was always 4° right and target ramp 

speed was always at 20 °/s in rightward direction. 

 

Simulation 4: Gap effect in saccade latency. If during pursuit, the target blinks or disappears for 

a short duration and then re-appears at a different location, the saccade latency is less than the 

saccade latency of a saccade to a target that remained visible until its jump (Krauzlis and Miles, 

1996a; Tanaka et al., 1998), much like the reduction in saccade latency to stationary targets in 

gap tasks (Klingstone and Klein, 1991; Tam and Stelmach, 1993), in which a foveated fixation 

point disappears prior to peripheral target presentation. 

 

 

Figure 6. (a) Simulated gap effect on saccadic latency.  Blinking or masking of a smoothly pursued target 

before a step of target position reduces the latency of the saccade generated immediately after the step.  

This effect can be seen irrespective of prior target motion, i.e., if a stationary or moving foveated light is 

switched off before the onset of a stepped target, saccadic latencies are shorter than if the foveated target 

had remained on. The figure plots positions versus time and superposes results from two simulations.  

The dotted black line shows the target presentation trace, which begins with a ramp and may or may not 

have a gap, in display of the ramp motion, just before the step to a new, final position. For the case with a 

gap, the simulated eye position (solid black trace) shows a reduction in pursuit velocity during the gap, 

followed by a short-latency saccade in response to reappearance of the target at the new location.  When 

there is no gap, the eye position (thick gray trace) shows a long-latency saccade in response to the step. 

To simulate these conditions, ramp velocity of 20 °/s in rightward direction was used. Target was blinked 

for around 100ms after which, the target appears and remains stationary at 3° ahead of the current target 

position. Because of the random noise being added in the model, no two eye position traces will be 
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exactly the same even with exactly the same parameters. (b) Data and model simulations showing that 

catch-up saccades compensate for target velocity. Amplitudes of catch-up saccades pre-compensate for a 

targetôs expected displacement due to its continued motion during the saccade. The first panel (i) shows 

stimuli and eye movement data from Guan et al. (2005). The second (panel (ii)) and third (panel (iii)) 

panels show simulation results with and without cerebellar compensation.  In the two simulation trials, a 

large or a medium step occurs.  The large step (6°) is followed by motion back toward the initial position 

(speed is 20°/s, towards the fixation point).  The small step (3°) is followed by further motion away from 

the initial position (speed is 20 °/s, away from fixation point).  That the saccade in response to the larger 

step is notably smaller than the saccade in response to the small step in the middle panel (panel (ii)) 

shows that the full model system (like the real system of panel (i)) is making the compensation for target 

velocity that is needed to improve the likelihood of having the eye fall wherever the moving target will be 

at the end of the saccade.  The lower panel (panel (iii)) shows that the model without the cerebellar 

component is unable to use target-motion information to pre-compensate. 

In the model, gap and blink affects on saccade latency depend on inhibition of the 

saccadic output channel at two stages:  the SC and the EBN (see Figure 1).  Saccade-generating 

cells in the caudal SC of the model (Figure 2a) receive inhibition from two sets of cells assumed 

to be excited while a foveated stimulus is on: fixation-activated cells in rostral SC (rSC) and 

fixation-activated cells in the substantia nigra pars reticulata (SNr).  During gap or blink 

intervals, there is no visual input to such fixation-activated cells, so inhibition to caudal SC from 

both rSC and SNr drops, and this enables shorter saccadic latencies once the target appears and 

excites SC buildup and burst cells.  Moreover, EBNs in the saccade generator are normally 

inhibited by OPNs that, in turn, are excited by fixation-activated rSC cells. Upon disappearance 

of a fixation stimulus, this inhibition decreases and promotes shorter latencies, as simulated in 

Figure 6a. 

 

Simulation 5: SPEM direction affects the size of saccade. Consider a catch-up saccade during 

pursuit of a moving target. To compensate for target motion, the amplitude of a catch-up saccade 

typically differs from that of a saccade to a static target at the same initial eccentricity (de 

Brouwer, Missal et al., 2002; Eggert, Guan, Bayer, & Buttner, 2005; Guan, Eggert, Bayer, & 

Buttner, 2005).  After establishing that SC firing specified equivalent amplitudes for two 

saccades of unequal amplitudes made to a moving or stationary target, Keller, Gandhi and Weir 

(1996) hypothesized that the trans-SC path (SC to PPRF, Figure 1b), which programs a saccade 

solely on the basis of the
 
pre-saccadic gaze-position error, is assisted by another path that 

corrects the programmed saccade by using information about target speed. 

In the model, speed-tuned extra-foveal MT cells project to the cerebellum via DLPN 

(Figure 1a), and errors trigger cerebellar learning of the correct gain for relating saccadic size 

increments to target velocity. The pre-saccadic gaze error causes activation of the vector error 

map in SC.  This initiates a saccade of a particular size. In addition, velocity information from 

MT extra-foveal cells is processed by the cerebellum to correct saccadic size: Saccades to targets 

with centrifugal motion are stretched and saccades to targets with centripetal motion are 

shortened. 
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Figure 7. Adjusting the amplitudes of saccades made to moving targets. Cortical area MT helps inhibit 

small saccades and calibrate catch-up saccades. Direction-sensitive MT cells representing the foveal and 

parafoveal space send projections to rostral SC, thereby inhibiting small saccades. Extra-foveal MT 

neurons that are speed, direction and retinal-position specific project to cerebellum via DLPN (dorso-

lateral pontine nucleus) cells that are speed and direction (but not retinal-position) selective.  This motion 

vector information helps the saccadic system compensate for the target motion that occurs during a 

saccade by modulating the size of that saccade. 

 Figure 7 schematizes these two pathways, and Figure 6b compares data (Guan et al., 

2005) with model simulations for two step-ramp stimuli.  In one, the initial step is larger, but the 

ramp has negative slope, corresponding to target motion back toward the initial line of gaze.  In 

the second (superimposed on the same plot to facilitate comparison), the initial step is smaller, 

but the ramp is positive, corresponding to continued motion away from the initial line of gaze 

(Figure 6b: i). After 200 ms, the two ramp target motions reach the same point in space and cross 

over. The saccade to the larger step is smaller than the saccade to the smaller step, contrary to 

what one would expect if the saccade amplitudes reflected only the initial steps, but illustrative 

of velocity-based compensation. Similar compensation is visible in simulations of the full model 

(Figure 6b:ii), but not in a model lacking learned cerebellar compensation (Figure 6b: iii). 

 


