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SUMMARY AND CONCLUSIONS 

I. To accommodate the finding that the 
superior colliculus is an important input to 
the brain stem pathways that generate sac- 
cades (the saccadic burst generator), a new 
model of the burst generator is proposed. 
Unlike the model of Robinson (61) from 
which it was derived, the model attempts to 
match a neural replica of change in eye posi- 
tion, which is the output of the burst genera- 
tor, to a neural replica of change in target 
position, which is the output of the colliculus 
and the input to the model. 

2. The elements of the model correspond 
to neurons known or thought to be asso- 
ciated with the actual primate saccadic burst 
generator and are mostly connected together 
in accord with the results of anatomical and 
physiological experiments. 

3. The model was simulated on a digital 
computer to compare its behavior with that 
of the actual burst generator under normal 
and experimental conditions. Simulated 
peak burst frequency and saccade duration 
matched that obtained from monkey excit- 
atory burst neurons and inhibitory burst 
neurons for saccades up to 15’ but did not 
match at larger sizes; stimulation of the om- 
nipause neurons caused an interruption of 
the saccade, and the saccade resumed at the 
end of stimulation as in actual data; the 
model can generate the abnormally long-du- 
ration saccades seen under decreased alert- 
ness or various pathologies by changing the 
burst generator inputs and without having to 
change any properties of the neurons them- 
selves or their connections; a simulated hori- 
zontal and vertical burst generator pair con- 

netted only through the omnipause neurons 
can generate realistic oblique saccades. 

4. The implications of the model for 
higher-order control of the saccadic burst 
generator are discussed. 

INTRODUCTION 

In 1975, Robinson (6 1) proposed a func- 
tional model of the mammalian saccadic 
burst generator, which was both simple and 
accounted for a wide variety of data. The 
model was later elaborated to account for 
some new data (80), but fundamental limita- 
tions of the model prevented it from ac- 
counting for other new data. Most impor- 
tant, the input signal required by the model 
is a neural replica of target position relative 
to the head, whereas the superior colliculus 
(SC) and frontal eye fields (FEF), which are 
usually regarded as the actual inputs to the 
burst generator (54, 65, 66, 84), do not en- 
code this signal. Further additions to the 
model that would eliminate this discrepancy 
might be possible, but they would rest upon 
other unsupported physiological assump- 
tions. The model proposed below was de- 
signed to accept the output of the superior 
colliculus and frontal eye fields as its input 
and yet use mostly known neurons and con- 
nections. Since it was derived from Robin- 
son’s model, it can explain much of the same 
data, and in addition, it can explain new data 
that Robinson’s model cannot. In particular, 
the new model can generate realistic oblique 
saccades. 

The neuronal circuitry that underlies the 
generation of saccades has been intensively 
investigated in recent years and serves as the 

0022-3077/M $1 SO Copyright 0 1988 The American Physiological Society 1455 



1456 C. A. SCUDDER 

starting point for the proposed model. At- 
tention will be confined mostly to the hori- 
zontal burst generation, which has been 
more thoroughly investigated than the verti- 
cal burst generator. The neurons that provide 
direct input to the motoneurons are the ex- 
citatory burst neurons (EBNs) and inhibitory 
burst neurons (IBNs), which discharge a 
high-frequency burst of spikes slightly before 
and during ipsilaterally directed saccades 
(toward the side of the soma). EBNs project 
to the ipsilateral abducens nucleus, causing a 
burst in agonist motoneurons, whereas IBNs 
project to the contralateral abducens nu- 
cleus, causing a cessation of activity (or 
pause) in antagonist motoneurons (29, 3 1, 
32, 35). The activity of both types of burst 
neurons appears to be gated by the activity of 
a third type of neuron, the omnipause 
neurons (OPNs). OPNs have a steady dis- 
charge during fixations, but cease firing dur- 
ing all saccades ( 16, 44, 53). Consistent with 
the reciprocal discharge of OPNs and burst 
neurons, OPNs make inhibitory connections 
upon both EBNs and IBNs (12, 55). The 
inputs that turn this simple circuitry into a 
burst generator are less certain. It is com- 
monly thought that OPNs must be inhibited 
by some trigger signal before a burst can 
begin, and a likely (indirect) source of this 
signal is the superior colliculus (46, 57, 72). 
Known and hypothesized inputs to the EBNs 
and IBNs include EBN - IBN interconnec- 
tions, the superior colliculus, and long-lead 
burst neurons (LLBNs) (23, 53, 64, 76, 77). 

In addition to knowing the interconnec- 
tions of the elements of the burst generator, it 
is important to know how they are used to 
generate a saccade having the desired size 
and direction. Since saccade size is appar- 
ently determined by the product of burst fre- 
quency and burst duration (actually the time 
integral of frequency, or number of spikes; 
44, 80), an important question is how both 
parameters are controlled simultaneously to 
generate accurate saccades. The complexity 
of the problem becomes apparent upon con- 
sidering that both frequency and duration 
vary with saccade size and direction and can 
(inversely) vary widely for saccades of the 
same size, under a variety of normal, experi- 
mental, or pathological circumstances. Al- 
though in theory, the inputs to the burst gen- 
erator could accurately prespecify both fre- 

quency and duration under all conditions, 
the required computational sophistication 
seemed unrealistic and simpler solutions 
were sought. One such solution assumes that 
only frequency is predetermined by the 
inputs to the burst generator and that dura- 
tion is determined later using feedback. That 
is, the burst should end when feedback indi- 
cates that the eye has arrived on target. 

Current behavioral and physiological data 
indicate that the burst generator does operate 
by using feedback and that burst duration is 
not predetermined. First, brief microstimula- 
tion in the region where OPNs are located 
can slow or stop a saccade in midflight, but 
the saccade usually resumes at the end of 
stimulation and accurately reaches the tar- 
get, despite its extended duration (5, 45, 48). 
Second, physiological recordings from one 
likely input to the burst generator, the supe- 
rior colliculus (54, 65, 66, 83, 84), show that 
its putative output cells encode only the size 
and direction of the intended saccade and 
not the velocity or duration in normal, fully 
alert monkeys (46,72). The frontal eye fields, 
the second major input to the burst genera- 
tor, also encode saccade size and direction (6, 
7), but it is not yet known whether the FEF 
encodes duration. It seems unlikely, how- 
ever, that the FEF could be an essential 
source of intended saccade duration because 
its removal only transiently impairs saccade 
accuracy (24, 67). 

Robinson model 
Robinson (6 1) proposed a successful and 

enduring model of the saccadic burst genera- 
tor, which uses feedback. Since the visual 
system is too slow to control the short dura- 
tions of individual saccades, Robinson pro- 
posed that this feedback was derived directly 
from the output of the burst generator itself. 
An adaptation of his model, shown in Fig. 1, 
uses the connections described above, and in 
addition proposes some new ones to support 
the use of feedback. The burst begins when 
an excitatory input (target position) impinges 
on the EBNs and an inhibitory trigger si- 
lences the OPNs. The burst in the EBNs and 
the excitatory connection from the EBNs to 
the IBNs causes the IBNs to fire as well. The 
inhibitory connection from the IBNs to 
OPNs keeps the OPNs silenced as long as the 
IBN firing rate remains above a level set by 
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FIG. 1. The Robinson model of the burst generator. The input to the model is a neural replica of target position 
relative to the head and it responds with an excitatory burst neuron (EBN) discharge that continues until a neural 
replica of eye position matches the target position input. The target position and eye position signals are subtracted at 
the EBN creating motor error, a replica of the distance of the eye from the target. The EBN will be excited until motor 
error reaches zero. The discharge in the EBN is integrated by the tonic neuron (TN) to produce the neural replica of 
eye position. The integration is schematically accomplished by recurrent positive feedback having a gain of 1 .O. 
Inhibitory burst neurons (IBNs) are shown as inhibiting omnipause neurons (OPNs), although Robinson did not 
specify the exact source of this inhibition. 

the OPN’s steady excitatory input BIAS. In 
addition to their known connections to mo- 
toneurons, Robinson proposed that the 
EBNs also make excitatory connections with 
tonic neurons (TNs) which integrate (in the 
mathematical sense) the EBN firing rate to 
produce a signal proportional to eye posi- 
tion. Tonic neurons that have such a signal 
are found in the pons (44, 53) and prepositus 
nucleus of the cat (3, 52) where they may 
receive both EBN and IBN input (76, 77, 
85). One proposed projection of the tonic 
neurons conveys the eye position signal to 
motoneurons. A second proposed projection 
conveys this position signal to the EBNs and 
constitutes the feedback responsible for end- 
ing the saccade. The difference between the 
eyeposition and target position signal formed 
at the EBNs represents a neural replica of the 
distance of the eye from the target and so has 
been called motor error. The neural motor 
error declines in parallel with physical motor 
error, eventually approaching zero. At that 
point, there is no net excitation to the EBNs 
and they cease discharging. The IBNs cease 
firing, the OPNs begin firing, and the burst 
generator returns to its initial state. 

An elaboration of the Robinson model 
was offered by van Gisbergen et al. (80). 
Thev pointed out that the effective saccadic 

input to motoneurons is the difference be- 
tween the excitation from EBNs and inhibi- 
tion from IBNs and not just the input from 
EBNs alone. Their model, therefore, was ex- 
panded to explicitly show the bilateral nature 
of the burst generator and, in particular, the 
reciprocal inputs to motoneurons from op- 
posite sides of the brain. Van Gisbergen et al. 
(80) also offered evidence that the input to 
EBNs is motor error by showing that EBNs 
fire at approximately the same rate for any 
given value of physical motor error (the ac- 
tual difference between eye and target posi- 
tion) regardless of the size of the saccade. 

Modz&?cations of the Robinson model 
The Robinson model is both parsimoni- 

ous and accounts for a wide variety of data. 
However, in the twelve years since it was first 
proposed, several neurophysiological obser- 
vations have been made that suggest modifi- 
cations are necessary. In particular, the 
neural correlate of the target position signal, 
which is the input to the model burst genera- 
tor, has not been found. On the other hand, 
the superior colliculus and frontal eye fields, 
which encode change in target position and 
not absolute target position, have emerged as 
important inputs to the actual burst genera- 
tor. These structures contain cells that dis- 
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charge immediately before saccades (6,7,65, 
7 1, 84), their stimulation induces saccades at 
short latency (7, 59, 62, 66), and their simul- 
taneous destruction permanently impairs the 
ability to make saccades (67). 

Keller (46, 47) attempted to modify the 
Robinson model to include the colliculus. 
Noting that change in target position is phys- 
ically equivalent to initial motor error (that 
existing before saccade onset), he suggested 
that motor error might be computed at the 
superior colliculus and not at the EBNs. 
However, he could not identify specific 
neurons in the colliculus whose discharge 
encoded both initial motor error and the de- 
cline in motor error as the saccade pro- 
gressed. The saccade related and movement- 
only cells, often regarded as the outputs of 
the colliculus (46, 54, 84), do not show the 
requisite correlation between the duration of 
their discharge and the duration of the sac- 
cade (46, 72). The quasi-visual cells, which 
Keller once thought might convey the motor 
error signal, likewise do not end their 
discharge in step with the end of the sac- 
cade (54). 

Jurgens et al. (37) were dissatisfied with 
the fact that in the Robinson model, retinal 
error itself, which is the most accurate repre- 
sentation of the distance of the eye from the 
target, was never used as a direct input to the 
burst generator. To alleviate this objection 
and to explain some of their own data, they 
proposed the existence of a separate, reset- 
able integrator in the feedback pathway from 
the output of the burst generator (EBNs) to 
its input. Because this integrator is reset after 
each saccade, its output represents change in 
eye position and not absolute eye position. 
Similarly, the input to the burst generator 
must also be change in target position. A re- 
cent model of Tweed and Villis (79) has ex- 
panded on the Jurgens et al. model, using the 
colliculus as the source of change in target 
position and using a resetable integrator as 
one local feedback mechanism. However, a 
signal corresponding to the output of this in- 
tegrator, like Robinson’s target position sig- 
nal, has not been identified in physiological 
recordings. 

The model proposed below can efficiently 
use the superior colliculus and frontal eye 
fields as input to the burst generator. The 
illustrations use the colliculus as the prototy- 

pica1 input, but it will be explained later how 
the FEF can act as a parallel input. The envi- 
sioned role of the colliculus is distinctly dif- 
ferent from that proposed by Keller (46,47), 
in which the colliculus continuously signals 
the distance of the eye from the target and 
the burst generator responds continuously. 
Rather, the position of the eye relative to the 
target is evaluated once, the colliculus issues 
a command specifying the size and direction 
of the appropriate saccade, and the burst gen- 
erator then executes it. The model is similar 
to the Robinson model, however, in that it 
uses feedback to control the time course of 
the saccade. 

This model has been presented in brief, 
preliminary form (19, 69) and has been 
slightly modified since then. 

METHODS AND RESULTS 

The proposed model is shown in Figs. 2 
and 3. Figure 2 is a simplified version, which 
will be used to illustrate the concept of the 
model. Figure 3 shows the actual model used 
in the simulations. 

The simulations were done digitally on a 
PDP 1 l/73 using a program written in FOR- 
TRAN. All the modeled neurons responded 
linearly to their input and had no threshold 
for firing. Neurons were given no membrane 
time constant, but were typically pro- 
grammed to respond to the firing of a pre- 
synaptic cell after l.O-ms conduction time 
and synaptic delay. Some pathways were 
given additional delays (see below). Although 
real neurons do not behave in this way, the 
qualitative predictions of the model do not 
depend on these assumptions. Moreover, the 
effect on the quantitative predictions is less- 
ened by the fact that the difference between 
these and more realistic neuronal properties 
could be accommodated by changes in the 
free parameters of the model. For instance, 
adding a threshold to the properties of EBNs, 
IBNs, and OPNs would require only a 
change in their BIAS (see Fig. 3). Linearity is 
crucial only for the integrators (LLBNs and 
TNs), since the illustrated method of inte- 
gration depends on it. However, it is possible 
to create a linear system of neurons out of 
nonlinear elements, and other schemes for 
integrating have been proposed that exploit 
the nonlinear properties of neurons (63). 
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Saccadic eye movements were generated 
from the output of the burst generator using 
Robinson’s (58) fourth-order model of the 
plant adjusted for the monkey. Parameters 
for orbital dynamics were obtained from 
Goldstein and Robinson (2 1 ), and parame- 
ters for extraocular muscle dynamics were 
obtained from best fits to the data of Fuchs 
and Luschei (20). This model produces sac- 
cades having durations roughly equal to that 
of the burst, except for saccades smaller than 
5 O, when saccade duration becomes progres- 
sively longer than burst duration. 

Simplified model 
Figure 2 shows the simplified model (2A) 

and the simulated neuronal firing rates plot- 
ted against time (2B). Several of the connec- 
tions are similar to those of Fig. 1. The EBN 
provides an excitatory projection onto the 
IBN, which in turn, provides an inhibitory 
projection onto the OPN. The OPN also re- 
ceives an inhibitory trigger signal, and pro- 
vides an inhibitory projection onto the EBN. 
Although not shown, the EBN is also as- 
sumed to project onto motoneurons both di- 
rectly, and indirectly via the tonic neurons, 
which integrate their input to create an eye 
position signal. Unlike the Robinson model, 
this eye position signal is not used to control 
the trajectory of the saccade once initiated. 
The remaining components of the model are 
also different, the major change being that 
the EBN receives its excitatory input from an 
LLBN. The LLBN is assumed to integrate its 
input as has been schematized by the recur- 
rent positive feedback having a gain of 1.0 
(38). The ability of the LLBN to integrate 
need not be perfect, however, the integration 
time constant must be long relative to the 
duration of a saccade. One second is ade- 
quate and well within the range of time con- 
stants demonstrated in other parts of the 
oculomotor system (60). The LLBN receives 
an excitatory input from the superior collicu- 
lus and an inhibitory (local feedback) input 
from the IBN. Since the input from the col- 
liculus is place coded, the projection to the 
LLBN is topographically weighted as sym- 
bolized by the three lines of different widths. 
For the horizontal burst generator, for exam- 
ple, the weighting of each collicular neuron’s 
projection to the LLBN is assumed to be 
proportional to the horizontal distance from 

the fovea to the center of its movement field. 
This mechanism for achieving the “spatial to 
temporal transform” (place coding to fre- 
quency coding) was first proposed by Ed- 
wards and Henkel (14) whose anatomical 
data suggested that neurons in the caudal 
colliculus projected more heavily to the pons 
adjacent to the abducens nucleus than did 
rostra1 neurons. The colliculus to LLBN pro- 
jection need not be direct, although Ray- 
bourn and Keller (57) have found that some 
LLBNs do receive direct input. A second 
output of the colliculus is to the OPN. This 
pathway is assumed to be indirect (symbo- 
lized by the dotted lines), unweighted (all col- 
liculus neurons project to the OPN with 
equal efficacy), and inhibitory. It was mod- 
eled as having a delay of 8 ms, which is ap- 
proximately that obtained by Raybourn and 
Keller (57) for the inhibitory response in 
OPNs following superior colliculus stimula- 
tion. The strength of this trigger is assumed 
to be much weaker than that in the Robinson 
model; maximal trigger activity can only re- 
duce the OPN discharge rate by 60%, which 
by itself, is not enough to disinhibit the EBN. 

Figure 2B illustrates the sequence of events 
during the generation of a burst, beginning 
with activity in the superior colliculus. The 
waveshape of the colliculus discharge was 
taken to be Gaussian (slightly truncated), 
which is both easy to generate and is similar 
to records of the averaged activity of sac- 
cade-related or movement-only neurons (cf. 
Ref. 54, Fig. 3; Ref. 75, Fig. 2; also 65, 72, 
84), which are regarded as the output of the 
colliculus (54, 65, 83, 84). The waveshape 
and duration of the colliculus burst were as- 
sumed to be independent of saccade size (46, 
72). The colliculus firing simultaneously 
suppresses the OPN discharge via the weak 
indirect trigger and charges the LLBN inte- 
grator. At the EBN, the combination of de- s 
creasing OPN inhibition and increasing 
LLBN excitation eventually causes the EBN 
to begin discharging (vertical dotted line). 
The interplay of these two effects is such that 
the decrease of OPN inhibition is mostly re- 
sponsible for initiating the EBN burst for 
small saccades, but the increase of LLBN ex- 
citation is mostly responsible for initiating 
large saccades. EBN firing is passed on to the 
IBN, which in turn, completely inhibits the 
OPN. The inhibitory feedback to the LLBN 
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FIG. 2. Simplified model of the proposed burst generator (A) and the simulated neuronal firing rates (B). The 
model uses local (i.e., neural) feedback, but unlike the Robinson (6 1) model, it matches change in target position (the 
output of the colliculus) with change in eye position (the output of the IBN). Topographical weighting of the 
colliculus projection is symbolized by the lines of different thickness. The unweighted and indirect inhibitory 
projection from the SC to the OPN is symbolized by the dotted lines of constant thickness. The LLBN is wired to 
integrate its 2 inputs as symbolized by the recurrent positive feedback with a gain of 1 .O. The EBN projects to the 
IBN, as shown, and is also assumed to project to the tonic neurons and motoneurons (not shown) as in the Robinson 
model. The firing rate envelope of the SC is a simple Gaussian having a standard deviation of 15 ms. Firing rate 
calibration is 500/s for the SC, LLBN, EBN, and IBN and is 75/s for the OPN. Eye movement calibration is 10”. The 
inset (C) shows that the integrated input (SC-IBN) reaches zero when the integrated SC input is equal to the 
integrated IBN input. See text for abbreviations. 



SACCADIC BURST GENERATOR MODEL 1461 

integrator begins to discharge it. Eventually, 
when the LLBN firing rate approaches zero, 
the EBN and IBN firing rate also approach 
zero, the OPN begins firing again, and the 
burst ends. 

As illustrated in Fig. 2A the two inputs to 
the LLBN (the superior colliculus and the 
IBN) are first subtracted and then integrated. 
The inset (Fig. 2C) shows the mathemati- 
cally equivalent operations in which the 
inputs are integrated and then subtracted. 
The LLBN output goes to zero when the in- 
tegrated IBN input equals the integrated SC 
input. Since the integrated IBN firing rate is 
the number of spikes in the burst, and since 
number of spikes determines the size of the 
saccade (44, 80), the number of spikes in the 
colliculus burst, weighted according to the 
topographically determined synaptic effi- 
cacy, is the effective command determining 
the size of the saccade. Note that the firing 
rate of the LLBN integrator has no physical 
interpretation other than being proportional 
to the difference between the (weighted) 

number of spikes from the colliculus and the 
number of spikes from the IBN. Although 
this signal has the dimensions of position, it 
is not motor error in the specific sense used 
by Robinson (6 1). Finally, because the 
LLBN subtracts IBN firing rate from SC fir- 
ing rate and both signals have the dimen- 
sions of velocity, the model burst generator 
might erroneously be viewed as a velocity 
servo. Although the (weighted) colliculus fir- 
ing rate does affect saccade velocity, the 
model’s dynamics, triggering levels, etc., are 
more important, so that there will not be a 
moment-by-moment correlation between 
colliculus firing rate and saccade velocity. An 
example of the effect of colliculus firing rate 
will be provided later. 

Complete model 
To accommodate the known push-pull 

operation of the horizontal burst generator, 
the model of Fig. 2 was expanded to two 
sides (e.g., left and right brain stem). The full 
model, shown in Fig. 3, is functionally the 

FIG. 3. A bilateral version of the model in Fig. 2. Half of the neurons and connections have been deemphasized to 
improve clarity. For the same reason, the projections of the superior colliculus are illustrated as ipsilateral and their 
topographic weighting has not been represented. The inhibitory trigger is a polysynaptically delayed replica of the SC 
discharge. The EBNs, IBNs, and OPNs all have excitatory “biases”, which convey the tendency for them to fire when 
there is no other input. Recurrent excitatory collaterals of the LLBN and TN are the schematic mechanism by which 
these neurons integrate their input. The motoneurons (MN) are shown to project to the lateral rectus muscle (LR). 
Functionally, the main differences between this model and that in Fig. 2 are that the input to the IFN, TN, and MN is 

burst and that the the difference between the excitatory EBN on-direction burst and the inhibitory IBN off-direction 
IBN is directly excited bY the LLBN, instead of indirectly, as in Fig. 2. See text for abbreviations. 
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same as that in Fig. 2, but it has been realized 
somewhat differently. First, since current ev- 
idence indicates that IBNs project only to the 
contralateral brain stem, it was necessary to 
introduce a new neuron, the inhibitory feed- 
back neuron (IFN) to convey the ipsilateral 
inhibitory feedback to the LLBN. Possible 
neural correlates of the IFN will be consid- 
ered in the DISCUSSION. Second, a direct 
connection from the LLBNs to the IBNs, 
shown to exist in the cat (64), was added to 
produce more realistic burst waveshapes. 
This connection and the choice of parame- 
ters of the model causes the IBN to begin 
firing for on-direction saccades before the 
EBN does, which is also supported by physi- 
ological data in the cat (41). 

Figure 4 shows simulated firing patterns 
for selected neurons of the model. The direc- 
tion of the saccade is ipsilateral for the 
neurons having the subscript 3” and contra- 
lateral for those having subscript “c.” The 
ipsilateral EBN, IBN, and IFN (not shown) 
all have strong on-direction bursts. There are 
also weak discharges in the EBN, and IBN,, 
which result from disinhibition by the OPNs 
and their tonic excitatory BIAS inputs. The 
envelope of their discharge is shaped by inhi- 
bition from the ipsilateral IBN. The remain- 
ing contralateral burst neurons do not fire. 
The ipsilateral tonic and motor neurons in- 
crease their firing rate during the saccade, 
whereas the contralateral TN and motoneu- 
ron (MN) decrease theirs (not shown). 

Fit with experimental data 
Figure 5A shows plots of EBN firing rate 

against time for saccades of four different 
sizes. For small saccades, the short-lead burst 
neurons in the model reach their peak firing 
rate immediately following the onset of the 
burst and decline thereafter. For larger sac- 
cades (> 15 “> the peak rate occurs near burst 
onset and is sustained in a firing rate plateau. 
This behavior has been noted in both mon- 
key EBNs and IBNs (70, 80). However, for 
still larger saccades (~25 O, not illustrated), 
peak firing rate occurs later in the burst, giv- 
ing the firing rate envelope an unrealistic ap- 
pearance. Peak EBN firing rate is plotted 
against saccade size in Fig. 5B. The dashed 
line represents the predictions of the van 
Gisbergen et al. (80) model, and the circles 
represent data from monkey IBNs (70), 
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IBNc 

EYE 
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5 I 0 

FIG. 4. Simulated firing rates of selected neurons of 
the model in Fig. 3. The SC discharge (not shown) was 
assumed to have a Gaussian shape with a standard de- 
viation of 15 ms and has a 60-Hz long lead attached to 
the beginning. Consequently, the LLBN has a longer 
lead than in Fig. 2. The ipsilateral EBN, IBN, and IFN 
(not shown) all have a high-frequency short-lead burst. 
The contralateral SC is assumed to not fire and so the 
contralateral LLBN and IFN are silent (not shown). The 
contralateral EBN and IBN discharge for off-direction 
saccades because the OPNs have been silenced leaving 
the neurons free to respond to their excitatory bias. See 
text for abbreviations. 

which is intermediate between the results of 
two studies of monkey EBNs (44, 70). As in 
the actual data, simulated firing rate in- 
creases monotonically but nonlinearly with 
increasing size. However, there is quantita- 
tive disagreement, particularly for saccades 
> 15 O where the model predicts a peak firing 
rate that is too large. In Fig. SC, simulated 
saccade duration is compared with monkey 
saccade duration (18) (dashed line). Simu- 
lated saccade duration is only slightly too 
long for small saccades, but is too short for 
large saccades, partly as a consequence of the 
elevated firing rate mentioned above. Ways 
to improve the unphysiological behavior for 
large saccades and the compromises incurred 
will be dealt with further in the DISCUSSION. 
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FIG. 5. Simulated EBN discharges (A) and plots of 
EBN peak firing rate (B) and saccade duration (C) as a 
function of saccade size. A: the EBN burst for saccades of 
2.5, 5, 10, and 20”) aligned with respect to the discharge 
of the superior colliculus. As the saccade size increases, 
the EBN burst occurs increasingly early relative to SC 
discharge. B: peak EBN firing rate, obtained from traces 
such as in A, are plotted against saccade size. The dotted 
line is the peak firing rate obtained from the van Gisber- 
gen et al. (80) model. Circles represent the peak firing 
rate of IBNs (70) after adjustment so that saccade veloci- 
ties matched the main sequence for monkeys (18). C: 
saccade duration for simulated saccades plotted against 
saccade size. The dotted line shows this relationship for 
actual monkey saccades ( 18). See text for abbreviations. 
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FIG. 6. Simulated EBN firing rate plotted against 
physical motor error (physical target position minus 
physical eye position) for saccades of 4 sizes (5, 10, 15, 
20”). Positive motor error refers to the on-direction, neg- 
ative motor error to the off-direction. 

It should be apparent from Fig. 5C that the 
duration of the on-direction EBN burst 
could vary, despite the fact that the duration 
of the superior colliculus discharge was held 
constant. Small saccades can have durations 
shorter than the SC discharge because they 
are not triggered until near the time of peak 
SC firing rate, and large saccades can have 
durations longer than the SC discharge be- 
cause the LLBN integrator, in effect, stores 
the SC activity and allows the burst to end 
after the SC has ceased firing. 

Motor error 
Van Gisbergen et al. (80) have shown that 

when the firing rate of monkey EBNs is plot- 
ted against actual motor error, i.e., the physi- 
cal distance between target and eye position, 
the curves obtained for saccades of different 
sizes overlapped. They took this as evidence 
that a neural replica of motor error was the 
input to EBNs. Figure 6 shows that similar 
plots of simulated EBN firing rate generated 
by the current model partially reproduced 
this overlap. Thus the present model, al- 
though different from the Robinson model, 
also replicates this aspect of EBN firing with- 
out using motor error as a signal in the 
model. 

OPN stimulation 
Electrical stimulation of the region con- 

taining OPNs during the execution of sac- 
cades (5,45,48) has been used to support the 
existence of local feedback within the burst 
generator and the Robinson model in partic- 
ular. Presumably by exciting the OPNs and 
therebv inhibiting the EBNs, such stimula- 
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tion can reduce saccadic velocity or even 
stop the saccade altogether. If the stimulation 
is near the beginning or middle of the sac- 
cade, the saccade resumes when stimulation 
ends and the eye ultimately lands on target. 
Figure 7 shows that the present model can 
reproduce such data. In Fig. 7A, stimulation 
occurs near the middle of the saccade. The 
OPN firing rate is increased, the EBN firing 
is suppressed, and the saccadic velocity is 
greatly reduced. An interesting feature of this 
simulation is that the LLBN firing rate in- 
creases during the period of stimulation. This 
occurs because the LLBN integrator is still 
being charged by the ongoing SC firing, but 
there is no inhibitory feedback to discharge 
the LLBN. At the end of stimulation, the 
EBN burst and the saccade begin again. In 
Fig. 7B, OPN stimulation occurs near the 
end of the saccade. As before, the EBN burst 
is suppressed, but the burst is unable to re- 
start at the end of stimulation, leaving the 
eye ~2’ short of the target. Figure 7B also 
shows that under unnatural circumstances, 
the LLBN can be left with a residual charge, 
which decays with the time constant of the 
LLBN integrator. This charge is equivalent 
to that needed by the corrective saccade, 
which would get the eye on target, and could 
be used for that purpose, requiring only a 
trigger to evoke the refixation (this is not 
seen to be the normal process of generating a 

A 
LLBN 

corrective saccade). Alternatively, the charge 
could be dumped by some active mechanism 
associated with fixation (see DISCUSSION) 
prior to programming the next saccade. 

Since, in the Robinson model, a trigger 
must be present at the end of stimulation for 
the burst to restart, saccade interruption ex- 
periments have been interpreted as providing 
evidence about the minimum duration of the 
trigger signal (19, 45). In the context of the 
present model, this interpretation would be 
incorrect because the burst can restart in the 
absence of a trigger if the LLBN excitation of 
the EBN is stronger than the inhibition from 
the OPN. This will be the case if the residual 
distance from the target is large enough (e.g., 
5’ in Fig. 7A, but not 2O in Fig. 7B). 

Oblique saccades 
Almost since its inception, people have 

been trying to extend the Robinson model of 
the burst generator to be able to generate 
saccades in two dimensions, but have had 
little success (47, 81). In the usual scenario, 
two such models, one driving the vertical ex- 
traocular muscles and one driving the hori- 
zontal extraocular muscles, share a common 
set of OPNs but otherwise are independent. 
If we assume that these two burst generators 
receive approximately synchronized target 
position input, both begin to burst when a 
single trigger silences the OPNs. However, in 

EBN m /)-*... 5oo Hz / 

EYE / 

STIM 
20 msec 

FIG. 7. Simulations of an experiment in which the OPNs are stimulated for 10 ms in the middle of a saccade. 
Stimulation is assumed to provide enough excitation of the OPNs to completely suppress the EBN discharge. Dotted 
lines show the discharge and eye movement that occur when the saccade is not interrupted. A: stimulation occurs 
about midburst. The combined effect of ongoing LLBN activity and some residual inhibition of the OPNs by the 
trigger is sufficient to allow the EBN burst to begin again. The eye reaches the target, despite the inflection in its 
velocity. B: stimulation begins 10 ms later than in A. The LLBN activity is lower, the trigger is all but over so the EBN 
cannot be reexcited. The eye lands 2” short of its target. The LLBN is left with a residual charge, which decays 
because the LLBN/integrator is slightly leaky. See text for abbreviations. 
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each the burst proceeds at a rate independent There are two reasons why this model can 
of that in the other, so that for most oblique generate oblique saccades. First, the burst 
saccades, the component bursts end at dif- generator is approximately linear after the 
ferent times. Therefore, the horizontal and saccade has been triggered, and linear sys- 
vertical components of the saccade end at terns have the property that if two inputs 
different times, and the saccade trajectory is differ only by a scale factor (which is the case 
curved. In actual cat, monkey, and human here), the corresponding outputs will differ 
oblique saccades, the two components have only by a scale factor. Thus the horizontal 
roughly the same duration and the saccade and vertical difference bursts (EBNi-IBN,) 
trajectory is straight (15, 8 1). are almost scaled versions of each other. Sec- 

If the model illustrated in Fig. 3 is coupled ond, the fact that the smaller of the two com- 
through the OPNs to a similar model inner- ponents is associated with a longer-duration 
vating the vertical eye muscles, it will gener- and lower-frequency burst than if it occurred 
ate oblique saccades with components of by itself is a consequence of the mechanism 
equal duration. In Fig. 8A, the bursts of the by which the burst is initiated. This is shown 
horizontal EBN and horizontal eye position diagrammatically in Fig. 9. First, consider a 
are shown for two oblique saccades: one 5’ horizontal saccade with no vertical com- 
having a 5’ horizontal and a 5O vertical com- ponent (left), and for simplicity, ignore the 
ponent (upper traces) and one having a 5’ effect of the trigger signal upon the OPN. 
horizontal and a 20’ vertical component The inhibition of the EBN by the OPN de- 
(lower traces). When coupled with the larger fines a threshold level of activity, which the 
vertical component, the burst in the horizon- LLBN must exceed before the EBN can 
tal EBN begins earlier (relative to the SC dis- begin firing. The colliculus (SC) firing begins 
charge) and ends later. Furthermore, the hor- charging the LLBN at time to and LLBN ac- 
izontal EBN burst frequency is reduced, and tivity exceeds this threshold at time tl. The 
accordingly, the velocity of the horizontal LLBN firing rate will be held at this thresh- 
component is reduced. The two-dimensional old level because the consequent EBN and 
trajectory of each saccade is a straight line IFN burst inhibits further charging of the 
(Fig. 8B). LLBN. However, when the 5’ horizontal 
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FIG. 8. Simulated horizontal on-direction EBN bursts and horizontal eye movements obtained during 2 different 
oblique saccades. A (top): a 5” horizontal component coupled with a 5” vertical component, and A (bottom) 
represents a 5 O horizontal component coupled with a 20” vertical component. In B, the 2-dimensional trajectories for 
these saccades (plus 1 other) are nearly straight lines. See text for abbreviations. 
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WLLBN : 
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FIG. 9. Diagrammatic explanation of how the 
smaller component of an oblique saccade becomes 
stretched. Shown are schematized discharges of the supe- 
rior colliculus (SC) and the horizontal and vertical 
LLBN/integrators for a 5” horizontal with a 0” vertical 
component (left) and a 5” horizontal with a 20” vertical 
component (right). The 2 crucial points are I) that the 
strength of the colliculus input is proportional to the 
intended component size, so the rate at which the 
LLBN/integrator is “charged” is proportional to the in- 
tended component size, and 2) that the burst in either 
component begins when the excitation of the EBN from 
the LLBN just exceeds the inhibition from the OPN. 
This level of excitation is labeled as the “EBN thresh- 
old”, and for simplicity is assumed to be constant. On 
the left, the colliculus begins “charging” the horizontal 
LLBN at time to. The LLBN exceeds the horizontal 
EBN’s threshold for firing at time tl, and inhibitory 
feedback from the IBN limits further increases in LLBN 
firing rate. On the right, the onset of colliculus firing 
starts charging the horizontal LLBN at time to as before, 
but the vertical LLBN is charged faster, since it is asso- 
ciated with the larger intended component size. The 
vertical LLBN reaches the threshold for vertical EBN 
firing at time t2. The subsequent inhibition of the OPN 
allows the horizontal EBN to begin firing, although its 
firing rate has not yet reached threshold. Therefore, the 
horizontal EBN begins its burst earlier and at a lower 
rate when associated with the 20” vertical component. 
See text for abbreviations. 

component is coupled with a 20’ vertical 
component (right) the horizontal LLBN will 
be charged at the previous rate, but the verti- 
cal LLBN will be charged more rapidly be- 
cause of a stronger input from the colliculus. 
The latter will therefore reach threshold at a 
time (t2) when the horizontal LLBN is still 
firing at a low rate. The burst in the vertical 
EBN will begin, the OPN will be inhibited, 
and the horizontal EBN disinhibited. The 
horizontal EBN will therefore begin firing 
earlier (at t2 instead of tl) and at a lower rate 
(because of its reduced LLBN discharge rate) 
than when there is no vertical component to 
the saccade. This model predicts that the 
horizontal EBN and IBN will begin firing 

later with respect to the onset of the saccade 
when the horizontal component is the 
smaller component of an oblique saccade 
than when it is the larger component. This 
has been observed for pontine and ponto- 
medullary short-lead burst neurons in the 
monkey (70, 80). 

Long-duration saccades 
The Robinson model also has difficulty 

reproducing the common observation that 
saccades of the same size do not all have the 
same duration. Long-duration saccades 
occur under a wide variety of circumstances 
including reduced alertness, darkness, a his- 
tory of visual deprivation, and pathology (13, 
44, 8 1, 86). Although cell loss may explain 
the abnormally slow saccades that result 
from some pathologies (86), in general, this 
will not be the case. Lowering the EBN firing 
rate by changing the saturating input-output 
relation ascribed to EBNs by van Gisbergen 
et al. (80) is not a possibility because this 
relation is probably a property of the neuron 
itself and not of its inputs, and so would be 
fixed. Finally, incomplete inhibition of the 
OPNs has been hypothesized to occur in 
Parkensonian patients (11, J. Carl personal 
communication), but this has never been 
observed in unlesioned monkeys making 
saccades of abnormally long durations (C. 
Kaneko, A. F. Fuchs, Scudder, unpublished 
observations). 

Figure 10, B and C, shows 10’ saccades 
simulated by the present model that are up to 
double their normal duration (Fig. lOA). In 
IOB, saccades with 40% longer durations 
were induced by decreasing the EBN BIAS 
and by decreasing the OPN tonic firing rate, 
which is known to occur in monkeys during 
decreased alertness (20,45). The mechanism 
by which reduced OPN firing rate decreases 
saccade velocity is the same as that described 
for oblique saccades, namely, the EBN burst 
is triggered before it normally would so the 
LLBN discharge rate is lower. Still slower 
saccades can be simulated ( 1OC) if the dura- 
tion of the colliculus discharge is increased 
and the spike rate is decreased under condi- 
tions associated with increased saccade dura- 
tion (e.g., decreased alertness). Such an asso- 
ciation has recently been observed by J. 
White and D. Sparks (personal communica- 
tion), and is not at variance with the data of 
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Sparks and Mays (72) showing that colliculus 
burst duration is independent of saccade du- 
ration in normal, fully alert monkeys when 
only saccade size is allowed to vary. 

The model can also simulate the extremely 
slow saccades that have been observed after 
some experimental interventions. One ex- 
ample is provided by Deng et al. (13) who 
required monkeys with unilateral frontal eye 
field lesions to make saccades to remem- 
bered target locations. Saccades were of very 
long duration (e.g., 500 ms) and had veloci- 
ties that were highly irregular, including pe- 
riods when the saccades appeared to tran- 
siently stop or to have embedded portions 
appearing like smaller normal saccades. 
Since monkeys were able to make normal 
saccades to continuously visible targets, the 
explanation for this behavior cannot lie with 
the state of the burst generator in the pons, 
but must have to do with the nature of its 
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FIG. 10. Normal (A), slow (B), and very slow (C) 
saccades generated by changing the “biases” and inputs 
of the model of Fig. 3. The associated discharge of the 
EBN is also illustrated. The superior colliculus discharge 
(not shown) is assumed to be the same in A and B, but is 
assumed to have twice the duration and half the peak 
firing rate in C. See text for abbreviations. 
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FIG. 11. Horizontal eye position (EYE) and horizon- 
tal eye velocity (VEL) generated by the model when the 
input to the LLBN and the trigger are assumed to be very 
prolonged. These prolonged inputs were assumed to be 
provided equally by the frontal eye fields (FEF) and su- 
perior colliculus, which had a discharge identical to 
the FEF. 

inputs. If we assume that the FEF and SC 
firing are very prolonged because of the le- 
sion and because of the interconnections of 
FEF and SC, respectively, the simulated eye 
movement of Fig. 11 was produced. The 
movement is slow and irregular much like 
the experimental data. It is also slightly hy- 
pometric. Although there are obviously 
many other assumptions that could be made 
regarding the nature of and interactions be- 
tween the FEF and SC discharges under 
these abnormal circumstances, all existing 
models of the burst generator require that at 
least one of its inputs (i.e., the actual input or 
the trigger) be unusually prolonged. Other 
assumptions have been programed and 
tested, and all lead to prolonged repetitive 
and/or slow saccades given this one require- 
ment. 

DISCUSSION 

The major goal of this study was to pro- 
duce a model of the saccadic burst generator 
that not only generated realistic saccades and 
neuronal discharges, but was also consistent 
with known anatomy. With a few excep- 
tions, these goals were achieved. Specifically, 
nearly all the connections shown in Fig. 3 are 
known or strongly indicated. Table 1 lists the 
connections currently thought to be a part of 
the burst generator (column l), shows which 
are included in the model (column 2), and 
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TABLE 1. Summary of connections 
suggested in the literature and 
used in the model 

Connection Used? Refs. 

EBN to ABD Y 8, 29, 35 
EBN to IBN Y 64,76 
EBN to TN Y 76 
IBN to ABD Y 31, 32, 70, 77, 85 
IBN to EBN Y 77 
IBN to IBNc Y 77,85 
IBN to TN Y 30, 77, 85 
IBN to OPN Y 49, 55 
LLBN to EBN Y 28, 46, 53 
LLBN to IBN Y 64 
SC to LLBN Y 46, 57 
SC to OPN Y 42, 46, 57 
SC to IBN N 22, 23, 32 
OPN to EBN Y 12 
OPN to IBN Y 55 

Unsupported connections 
EBN to IFN 
IBN to IFN 
IFN to LLBN 

EBN, excitatory burst neuron; ABD, abducens nu- 
cleus; IBN, inhibitory burst neuron; TN, tonic neuron; 
OPN, omnipause neuron; LLBN, long-lead burst 
neuron; SC, superior colliculus; i, ipsilateral; c, contra- 
lateral. 

cites the studies that support their existence 
(column 3). The great majority of the con- 
nections used in the model are supported in 
the literature, but a few require some com- 
ment. First, in accord with current evidence 
(2, 9), Table 1 assumes that the nucleus pre- 
positus hypoglossi contains the integrating 
tonic neurons, but this assumption is not es- 
sential for the model. It only matters that the 
eye velocity commands output by the burst 
neurons are faithfully translated into change 
in eye position, and physiological experi- 
ments clearly indicate that this is so (40, 4 1, 
44, 70, 76, 77, 80). The issue of how and 
where this is accomplished is not unique to 
this model. Second, there is no direct evi- 
dence that LLBNs project to EBNs, and 
some have argued that they don’t (80). How- 
ever, LLBNs receive superior colliculus 
input and EBNs don’t (57), so if the collicu- 
lus does initiate saccades, as suggested by 
most evidence (54, 65, 66, 83, 84), LLBNs 
are a likely intermediary. Finally, although 
IBNs are retrogradely labeled by HRP injec- 
tions into the OPN region (49) and are anti- 
dromically activated by OPN stimulation 

(55), Markham and colleagues (36) have ar- 
gued that a connection from IBNs to OPNs 
does not exist. Should this turn out to be 
true, the connection would have to be re- 
placed by something functionally equivalent, 
perhaps an inhibitory LLBN with reciprocal 
connections to OPNs. 

Two additional components of the model 
that require comment are the BIAS inputs to 
the EBNs and IBNs. They are necessary be- 
cause the EBN and IBN bursts for very small 
saccades have disproportionately high peak 
discharge rates (200/s; 70, SO). For the same 
reason, the EBN of the van Gisbergen et al. 
model includes a 200/s BIAS input, which is 
implicit in their input-output transfer func- 
tion [firing rate = 200 + 900 exp(-motor 
error/lo)] and is not shown explicitly. The 
BIAS inputs are justifiable because, when a 
monkey gets sleepy and makes drifting eye 
movements, the OPNs stop firing while the 
EBNs and IBNs start firing steadily (20, 45). 
For most units, the firing is independent of 
the direction the eye is drifting. 

The most speculative element in this 
model is the IFN, which is a short-lead 
neuron with an ipsilateral inhibitory connec- 
tion. Currently, the only known inhibitory 
horizontal burst neurons are the pontomed- 
ullary IBNs, which have only contralateral 
connections according to recent anatomical 
data (77). A possible locus for the IFNs is 
near the EBNs in the pontine reticular for- 
mation where collaterals from the ipsilateral 
EBNs and contralateral IBNs overlap (76, 
77). The IFNs could then make a short inhib- 
itory connection to the LLBNs, which have 
been recorded nearby. A slightly more com- 
plicated possibility is that the IFNs do not 
receive EBN input at all, but rather receive 
the same inputs as do the EBNs (i.e., from 
LLBNs, OPNs and IBNs) and so function as 
if they did receive EBN input. To make this 
possible, they would most likely be located 
near or among the EBNs. Their projections 
would be different from that of EBNs, but 
their discharges would be barely differenti- 
able. 

In addition to using known neuron types 
and their connections, the discharges of the 
neurons in the model are qualitatively simi- 
lar to their biological counterparts. The 
model’s short-lead burst neurons (EBNs, 
IBNs, IFNs) reach a peak firing rate at the 
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start of the burst and firing rate subsequently start of the burst and firing rate subsequently 
declines (small saccades) or plateaus before declines (small saccades) or plateaus before 
declining (large saccades) as do monkey declining (large saccades) as do monkey 
EBNs and IBNs (70, 80). However, the ten- EBNs and IBNs (70, 80). However, the ten- 
dency of their firing rates to continue in- dency of their firing rates to continue in- 
creasing for larger saccades is at variance creasing for larger saccades is at variance 
with recorded data. There are at least three with recorded data. There are at least three 
mechanisms for improving this behavior. mechanisms for improving this behavior. 
First, one can assume that fewer EBN spikes First, one can assume that fewer EBN spikes 
are needed to generate any given change are needed to generate any given change 
in eye position. I assumed a value of 1.3 in eye position. I assumed a value of 1.3 
spikes/“, spikes/“, which was obtained for rhesus which was obtained for rhesus 
monkey IBNs (70) and is in about the middle monkey IBNs (70) and is in about the middle 
of a wide range of values obtained for mon- of a wide range of values obtained for mon- 
key EBNs and IBNs (20, 44, 70, 76, 77, 80). key EBNs and IBNs (20, 44, 70, 76, 77, SO). 
Second, a nonlinearity could be built into the Second, a nonlinearity could be built into the 
EBN input-output transfer characteristics as EBN input-output transfer characteristics as 
was done by van Gisbergen et al. (80). This was done by van Gisbergen et al. (80). This 
may be a realistic assumption but, as stated may be a realistic assumption but, as stated 
earlier, the ability of the model to generate earlier, the ability of the model to generate 
realistic oblique saccades is dependent on realistic oblique saccades is dependent on 
some measure of linearity. Adding a saturat- some measure of linearity. Adding a saturat- 
ing nonlinearity at the highest firing rates ing nonlinearity at the highest firing rates 
causes a mismatch in the horizontal and ver- causes a mismatch in the horizontal and ver- 
tical burst durations during large oblique tical burst durations during large oblique 
saccades and therefore curved saccade tra- saccades and therefore curved saccade tra- 
jectories. Due, in part, to low-pass orbital dy- jectories. Due, in part, to low-pass orbital dy- 
namics, this does not become evident until namics, this does not become evident until 
saccades have a component ~25”. The tra- saccades have a component ~25”. The tra- 
jectories of large oblique saccades have not jectories of large oblique saccades have not 
been closely examined, so it may be that they been closely examined, so it may be that they 
are indeed curved. Finally, the peak fre- are indeed curved. Finally, the peak fre- 
quency/size plots are affected by the as- quency/size plots are affected by the as- 
sumed waveshape of the colliculus input and sumed waveshape of the colliculus input and 
trigger signal. In particular, the duration of trigger signal. In particular, the duration of 
the colliculus discharge has a weak (statisti- the colliculus discharge has a weak (statisti- 
cally insignificant) tendency to increase with cally insignificant) tendency to increase with 
saccade size (46, 72), which, if modeled, saccade size (46, 72), which, if modeled, 
would lower EBN firing rate for large sac- would lower EBN firing rate for large sac- 
cades. Variations of colliculus and trigger cades. Variations of colliculus and trigger 
input waveshape were not explored because input waveshape were not explored because 
there was inadequate physiological justifica- there was inadequate physiological justifica- 
tion for making other than the simplest as- tion for making other than the simplest as- 
sumptions regarding their nature. sumptions regarding their nature. 

The comparison between simulated and The comparison between simulated and 
actual LLBN discharges is the most difficult actual LLBN discharges is the most difficult 
both because the simulated discharges de- both because the simulated discharges de- 
pend critically upon the assumed input pend critically upon the assumed input 
waveform and because it is difficult to know waveform and because it is difficult to know 
what to compare it with. Although the classic what to compare it with. Although the classic 
picture of an LLBN discharge has a long (up picture of an LLBN discharge has a long (up 
to 100 ms) low-frequency prelude prior to a to 100 ms) low-frequency prelude prior to a 
high-frequency burst, which occurs ~20 ms high-frequency burst, which occurs ~20 ms 
before the saccade (44,53), there is actually a before the saccade (44,53), there is actually a 

wide range of discharge patterns including 
some having only occasional preludes (27, 
28, 46, 70, 80). Which of these types might 
be an input to EBNs is entirely unknown. 
Hence the LLBN discharge has been simu- 
lated two different ways. In Fig. 2, the SC 
discharge was simulated without a prelude, 
and so the LLBN discharge likewise did not 
have an appreciable prelude. The minimum 
lead under these conditions is ~20 ms, 
which is on the borderline for short-lead be- 
havior. For Fig. 3, the modeled SC discharge 
included a prelude so that the LLBN would 
have one as well. In general, the simulated 
LLBN discharge pattern depends upon all 
aspects of its SC input waveshape. While a 
reasonably realistic SC discharge pattern has 
been assumed, there could be neurons inter- 
vening between the SC and the LLBN (see 
below) opening the possibility that this 
waveshape is altered enroute. Finally, the 
LLBN waveshape is dependent upon the way 
in which the input is integrated. As argued by 
Cannon et al. (lo), a simple positive feed- 
back loop is probably too simplistic. Rather, 
the integrators on each side are probably 
coupled and have a coordinated set of excit- 
atory and inhibitory (push-pull) inputs and 
outputs. 

The simulated OPN discharge generally 
matches that observed experimentally. The 
slow decline in firing rate prior to the frank 
pause is the only unusual prediction of the 
model regarding OPN discharges, but it is an 
important one. Simulations using simple 
models of spike generating neurons show 
that this decline is usually evident in only 
one lengthened interspike interval. Analysis 
of cat and monkey OPNs have shown that 
one or two longer interspike intervals do 
occur prior to the pause (16, unpublished 
observations). The slow decline and the sub- 
sequent complete inhibition of OPN dis- 
charge may correspond to the two stages of 
inhibition observed by Kamogawa et al. (39). 

Comparison with other models 
My model and the Robinson (61) or van 

Gisbergen et al. (80) model each have their 
strong and weak points. The Robinson 
model reproduces the peak frequency of the 
EBN burst for large saccades more accurately 
than does the present model. Their model 
can produce microsaccadic oscillations, 
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whereas the present model cannot in its cur- 
rent form: it would need cross-coupling be- 
tween the LLBN integrators to do so. Both 
models explain the continuation of saccades 
following OPN microstimulation but Robin- 
son’s model requires that the trigger duration 
covary with the saccade duration (5, 19); a 
fact that his model currently does not explain 
and which removes some of the simplicity of 
the local feedback approach to modeling the 
burst generator. The Robinson model is not 
easily expanded to be able to generate realis- 
tic oblique saccades, and must assume that 
the EBNs change their biophysical charac- 
teristics with alertness, ambient lighting, 
source of visual input, etc., in order to gener- 
ate slow saccades. 

Both van Gisbergen et al. (8 1) and Tweed 
and Villis (79) have recently proposed simi- 
lar modifications to the Robinson model, 
which should generate oblique saccades hav- 
ing straight two-dimensional trajectories. 
Rather than computing separate horizontal 
and vertical motor errors, they suggest that 
motor error is computed once in polar coor- 
dinates by one burst generator, whose output 
is factored into horizontal and vertical com- 
ponents using appropriately weighted con- 
nections to short-lead neurons. Both models 
need to be more specific about how this burst 
generator works, how the factoring occurs, 
and how their conceptual elements could be 
realized using neural elements before they 
can be evaluated against known physiology. 
In addition, these models now cannot ex- 
plain how oblique trajectories, while usually 
straight, are sometimes curved (82). For in- 
stance, monkeys often make vertical sac- 
cades that have a horizontal displacement in 
the middle (80, unpublished observations). 
Muscimole injection in the superior collicu- 
lus results in saccades having very different 
horizontal and vertical durations (33), and 
frontal eye field stimulation causes oblique 
saccades in which horizontal and vertical 
component durations are determined inde- 
pendently (62). In the present model, the 
horizontal and vertical burst generators are 
almost independent and can more readily 
become uncoordinated. 

Certainly one of the salient aspects of the 
model evident in Fig. 3 is its complexity. 
However, the model is mostly based on 
known connections and so is not more com- 

plex than the actual monkey burst generator. 
In all probability, additional components 
will need to be added, particularly in the area 
of its inputs, as later studies reveal more 
about how the actual burst generator func- 
tions. Also, the relative simplicity of other 
models is more apparent than real, as they 
are usually presented in block form. The van 
Gisbergen et al. (80) model, for instance, dis- 
regards “Dales law” (stating that a mamma- 
lian neuron cannot make both excitatory 
and inhibitory projections), does not repre- 
sent all neurons bilaterally, and does not in- 
clude the source of its input (see their Fig. 
10). When these are taken into account, their 
model assumes many of the features of the 
present model, including two types of inhibi- 
tory burst neurons and, in all likelihood, a 
connection to the superior colliculus via 
pathways which transform the colliculus 
output to a usable form (see INTRODUC- 
TION). 

Implications for the function of the SC 
As stated in the INTRODUCTION, the role 

of the superior colliculus in this model is to 
issue discrete commands specifying intended 
saccade size and direction and the burst gen- 
erator simply executes these commands. 
This implies that much of the ability to deal 
with a wide variety of target situations en- 
countered naturally or experimentally re- 
sides in structures upstream of the burst gen- 
erator per se. In addition, the nature of the 
model restricts the types of signals that it 
must receive from its inputs. 

For example, in double-step experiments, 
where retinal error by itself is not sufficient 
to specify final target location, human and 
monkey subjects reliably land on target, pre- 
sumably by adjusting retinal error using cur- 
rent or predicted eye position information 
(4, 25, 54). Although the model itself does 
not have the capacity to perform this trans- 
formation, it can explain these results if its 
inputs do. This appears to be the case; neuro- 
physiological experiments clearly indicate 
that the superior colliculus issues a com- 
mand appropriate to get the eye on target 
whether or not the required displacement is 
equivalent to retinal error (54, 73). The 
model does not attempt to explain how the 
colliculus accomplishes this task, although it 
is obvious that the colliculus must have ac- 
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(4, 25, 54, 61). 
A similar issue arises in attempting to ac- 

count for Donders and Listings laws which, 
for our purposes, say that each direction of 
gaze is associated with one specific amount 
of cyclorotation of the eye. It has been argued 
that a retinocentric model would result in a 
cyclorotation that is dependent upon the 
path taken to reach each eye position, and 
that only position-coded models (56, 74), 
such as Robinson’s, can account for Donders 
law. Once again, just because the burst gener- 
ator itself works in seemingly retinal coordi- 
nates does not imply that its inputs and out- 
puts have no capacity to compute the appro- 
priate cyclorotation based upon absolute eye 
position. There are many mechanisms by 
which this could occur, but there is currently 
insufficient data to warrant including one in 
this model. 

To explain some other findings regarding 
the higher-order control of saccades, how- 
ever, it must be postulated that the colliculus 
is assisted by additional circuitry. For in- 
stance, saccades sometimes appear to change 
directions in midflight (4, 73, 86). Although 
the colliculus issues commands discretely, it 
can make a saccade change directions in 
midflight by issuing a second command 
while the first is being executed. The model 
responds to overlapping commands, how- 
ever, with a saccade that is the vector sum of 
the two commands. Since existing data from 
double-step stimuli (4, 54) and simultaneous 
stimulation of two collicular sites (59) indi- 
cate that the response should be a weighted 
vector average of the two inputs, some cir- 
cuitry prior to the LLBN must be invoked to 
pass the proper command to the burst gener- 
ator. At a minimum, there would need to be 
a source of inhibitory input to the LLBN in 
order to compute the average at the LLBN. 
The existence of such circuitry complicates 
the statement made earlier that the effective 
input to the burst generator is the topograph- 
ically weighted number of colliculus spikes. 
Rather, the effective input is the weighted 
number of spikes output by this averaging 
circuit. 

Convergence of the frontal eye field and 
colliculus outputs upon this averaging mech- 
anism is the most logical way to explain how 
activity from both sites is appropriately 

merged into one command. Evidence that 
both structures do share this mechanism is 
that simultaneous stimulation of the frontal 
eye fields and superior colliculus produces 
the same result (weighted vector averaging) 
as does stimulation of two sites in the supe- 
rior colliculus (78). Two possibilities for the 
locus of this convergence are the superior 
colliculus itself, which receives a heavy input 
from the FEF (5 1) and the rostra1 pontine 
reticular formation, which receives efferents 
from both structures (26, 43, 50, 68) and 
which contains place-coded burst neurons 
(28). Evidence favors the latter because this 
averaging mechanism probably participates 
in determining saccade dimensions for all 
naturally occurring saccades (71), and yet 
colliculus removal only transiently impairs 
saccade accuracy (1, 67). 

Additional neural circuitry is also required 
to explain the finding that continuous micro- 
stimulation of the superior colliculus elicits 
repetitive saccades whose dimensions de- 
pend on the site of stimulation (59, 66). The 
present model responds to continuous collic- 
ulus stimulation with repetitive saccades, but 
they are small and vary over a much nar- 
rower size range (3-6”) than the actual data. 
None of the other models respond to a con- 
tinuous input (target and trigger) with repeti- 
tive saccades, and in fact, the Jurgens et al. 
(37) model, and that form of the Tweed and 
Villis (79) model derived from it, require a 
resetting mechanism just to operate nor- 
mally. Therefore, all models require some 
active mechanism for temporarily inhibiting 
saccades and/or resetting its circuitry during 
fixations to obtain repetitive saccades during 
colliculus stimulation. The present model 
could also use this mechanism to discharge 
its integrator after an abnormal saccade end 
(cf. Fig. 7). The most compelling evidence 
that such a mechanism does exist is that 
there is a refractory period following sac- 
cades during which neither FEF or colliculus 
stimulation can elicit another saccade (59, 
62, 78). Other evidence include the follow- 
ing: 1) the stimulus current threshold for elic- 
iting saccades is elevated when monkeys at- 
tempt to fixate targets compared with when 
they are in the dark (66,73); 2) saccadic reac- 
tion time is greatly reduced when human or 
monkey subjects are forced to break fixation 
of one target before making a saccade to the 
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next (17); and 3) a possible neural substrate 
involving the substantia nigra has been 
found (33, 34). 

Conclusion 
The model presented here is an improve- 

ment over previous models in its ability to 
explain more of the overt behavior of the 
saccadic system (e.g., oblique saccades) and 
in its agreement with known physiology and 
anatomy. Although some quantitative pre- 
dictions are at variance with experimental 
data, these predictions are based on simplis- 
tic neuronal properties and potentially incor- 
rect quantitative assumptions regarding the 
actual inputs to the burst neurons and to the 
OPNs. The real test of the model will come 
from future experiments. The most critical 
assumptions of the model are the existence 
of inhibitory feedback neurons and of 
LLBNs with at least a 20-ms burst lead and 
connections to EBNs. However, there are 
very many LLBNs in the pons of the mon- 
key, so only a subpopulation would be ex- 
pected to have these properties. Another as- 
sumption of the model is that the superior 
colliculus is not a part of the local feedback 
pathway, and a demonstration that this is 
incorrect would obviate the need for this 
model. 

APPENDIX 

SpeciJics of the computer simulation 
Tabulated below are the specifics of the model, 

including the synaptic weightings. Several other 
parameters, such as the BIAS inputs to the OPN 
and burst neurons, appear on Fig. 3 and are not 
repeated here. Weightings were constrained to 
produce an EBN gain of 1.3 spikes/” for on-direc- 
tion saccades and no net modulation of motoneu- 
ron firing for saccades perpendicular to the on-di- 
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