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Controversy exists in the literature regarding the basic neural control structure that medi-
ates convergence responses. This study constructed and simulated two models, the
switched-channel feedback model and the dual-mode model consisting of preprogrammed
with feedback control. Models were constructed and compared to experimental data. The
stimuli consisted of 2° and 4° vergence steps. Both closed- and open-loop settings were
utilized. After parameter adjustment, both models could accurately simulate step responses
from subjects having a range of response dynamics. The model with a preprogrammed
element required less parameter modification when stimulus amplitude changed. Both
models could accurately simulate some attributes of vergence; however, neither model
could represent the modifications commonly observed within the transient portion of the

vergence response.
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Introduction

There are several basic neurological control strate-
gies to move the eyes to a desired target. Saccade and
smooth pursuit motor control components move the eyes
in tandem while vergence control components move the
eyes in opposition. Vergence mediates the inward (con-
vergence) or outward (divergence) eye movements and
are used to fixate objects at different depths aligning
them with the fovea.

Model development and simulation have proven to
be useful tools to aid our understanding of complex
physiological systems. Vergence eye movements were
first modeled using a simple feedback control system
reported by Rashbass and Westheimer (Rashbass &
Westheimer, 1961). Numerous models have been devel-
oped since this first model but controversy still exists
regarding the basic control structure mediating the
vergence motor response. Models of vergence control
can be classified into three basic configurations: single
channel continuous feedback, switched-channel with
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feedback, and preprogrammed with feedback control.
(Jiang, Hung, & Ciuffreda, 2002)

The first model by Rashbass and Westheimer from
1961 used linear feedback with a feedfoward controller
consisting of an integrator and a delay. The feedfoward
controller was configured based upon findings from
open-loop experiments where the disparity (i.e., the error
between desired and actual vergence response) was kept
constant. These experiments showed that for small dis-
parities up to 0.2°, the response velocity was proportion-
al to the input disparity one reaction time prior (approx-
imately 160 msec). The model was not able to accurately
simulate the phase shift observed during sinusoidal dis-
parity stimuli as the experimental data had shorter lags
compared to those predicted by the model.! This model
also had difficulties modeling step responses that had
faster dynamics because it became unstable with faster

! These shortened phase lags were due to prediction, a
higher level function rarely incorporated into basic
control models. Here we follow the strategy used by
most modelers and use stimuli that are not predictable to
eliminate this complex control component from the
response.
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control signals due to the presence of long processing
delays. Krishnan and Stark developed a more advanced
feedback model by adding a derivative element to the
controller in parallel with the integrator (Krishnan &
Stark, 1977). The integrator was modeled as a first-order
element because pure integrators are unlikely to be
found in a neural system. This “leaky integrator” gener-
ated a sustained signal while the derivative element pro-
duced a transient component that enhanced the velocity
of the transient response. The next modification was by
Schor who added a threshold to trigger vergence change
creating a small dead zone (Schor, 1979). He also added
a first-order element with a very long time constant to
account for slow adaptive modifications known as
“prism adaptation.” One problem with both these mod-
els is that sustained error, also known as “fixation dis-
parity,” was much greater than found experimentally
(Hung & Semmlow, 1980).

Pobuda and Erkelens were the first to present a model
with parallel channels in the feedforward path (Pobuda
& Erkelens, 1993). Their model was based upon the fol-
lowing assumptions: 1) vergence processes disparity via
channels that could be represented as leaky integrators,
2) the channel selected depends upon the amplitude of
disparity, 3) vergence loops have delays of 80 to 120
msec rather than the 160 msec delays previously report-
ed, and 4) the vergence loop outside the disparity chan-
nels is not sensitive to the disparity change. One criti-
cism of this model is that its simulated responses were
significantly slower than those observed in many sub-
jects experimentally (Semmlow, Hung, & Ciuffreda,
1986).

Other models have expanded the switched-channel
model using a neural network architecture (Patel,
Ogmen, White, & Jiang, 1997). Their model incorpo-
rated a variation of the switched-channel model into one
of the neural layers and used velocity to select the input
channel rather than disparity. One reported limitation of
this model is it could not simulate the high-velocity step-
like component observed in faster ramps identified by
Semmlow and colleagues (Semmlow, et al., 1986).

A different approach to vergence modeling uses a
preprogrammed open-loop element in conjunction with
feedback control (Hung, Semmlow, & Ciuffreda, 1986).
This dual-mode model consists of a rapid, prepro-
grammed, "transient" control component followed by a
much slower, "sustained" component guided by feed-
back (Semmlow, et al., 1986; Semmlow, Hung, Horng,
& Ciuffreda, 1993; Semmlow, Hung, Horng, &
Ciuffreda, 1994). The primary behavioral evidence that
supports preprogrammed control was initially published
by Jones in 1980 and confirmed by Semmlow and col-
leagues (Semmlow, et al., 1986). A non-fusible target
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(such as a horizontal line paired with a vertical line)
moved in a step-like manner produces a transient
vergence response that then decays to the baseline posi-
tion (Jones, 1980). A sustained response requires a fusi-
ble target (such as stereoscopically paired lines). There is
considerable additional behavioral support for the dual-
mode theory (Alvarez, Semmlow, & Yuan, 1998;
Alvarez, Semmlow, Yuan, & Munoz, 2002; Semmlow,
et al., 1986; Semmlow, et al., 1993; Semmlow, et al.,
1994; Lee, Chen, & Alvarez 2008).

The purpose of this study is to compare the switched-
channel and dual-mode models through simulations of a
variety of experimental conditions to determine how the
models compare to experimental behavior and to identify
potential limitations of these models. One criterion for
any model is the ability to simulate a range of behaviors.
Hence, we will test both models using 2° and 4° sym-
metrical vergence responses from subjects who have
faster and slower vergence peak velocities using both
closed- and open-loop experimental conditions.

Methods
Subjects

Ten subjects (5 females and 5 males between 19 and
30 years of age) who could all easily perform the task
described below participated in this study. A group of
ten subjects was studied to investigate the velocity range
of response dynamics. All subjects had normal binocular
vision assessed by the Randot Stereopsis Test, near point
of convergence, and vergence ranges using procedures
described in our previous study (Alvarez et al., 2010).
Subjects used refractive correction if needed during the
experiment. Subjects S2 and S4 were myopes with an
average prescription of -1D while the remaining subjects
were emmetropes. All subjects signed written informed
consent forms prior to the experiment which was ap-
proved by the New Jersey Institute of Technology
(NJIT) Institute Review Board (IRB).

Materials and Apparatus

Visual targets were displayed via a haploscope to
stimulate disparity vergence while keeping the stimulus
to accommodation constant. Proximal cues were mini-
mized by having visual stimuli presented in a dark envi-
ronment. Two computer screens were used to generate a
symmetrical disparity vergence stimulus consisting of a
pair of vertical lines 6 cm in height and 2 mm in width
that remained constant throughout the experiment. The
stimulus displays were placed 40 cm away from the sub-
ject. Two partially reflecting mirrors were positioned
along the midline of the subject’s vision to project the
two vertical lines from the computer screens into the
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subject’s field of view. Before the experiment, the tar-
gets projecting from the computer screen were adjusted
using the mirrors to calibrate the visual stimulus against
real targets located at measured distances from the sub-
ject’s eyes. The subject’s head was restrained using a
custom chin and head rest, thus avoiding any vestibular
influences in the experiment.

Vergence eye movements were recorded using an in-
frared (A = 950 nm) limbal tracking system manufac-
tured by Skalar Iris (model 6500, Netherlands). All of
the eye movements were within the linear range of the
system (£25°) and had an empirically measured resolu-
tion of 0.1°. The left- and right-eye movement responses
were individually calibrated, recorded and saved sepa-
rately for offline analysis. Digitization of the eye move-
ments was performed with a 12-bit digital acquisition
(DAQ) hardware card using a range of = 5 volts (Na-
tional Instruments 6024 E series, Austin, TX, USA). The
entire system was controlled by a custom LabVIEW™
program (Guo, Kim, & Alvarez, 2011) which generated
the visual stimulus. Individual eye movements were
digitized using a sampling rate of 200 Hz, which was
well above the Nyquist frequency for vergence eye
movements. A custom Matlab™ (Waltham, MA, USA)
program was used for offline data analysis.

Experimental design

All subjects participated in the convergence closed-
loop step experiment. A closed-loop step experiment
involves a simple step change in target angular vergence
position. The step change began at an initial vergence
demand of 4° and changed symmetrically to a final posi-
tion (4° or 2°) more convergent than the initial vergence
angle. The subject initiated an experimental trial using a
trigger button and the step stimuli were presented fol-
lowing a random delay of 0.5 to 2.0 sec. Convergence
stimuli were randomly intermixed with divergence stim-
uli of 2° so that the subject could not predict the direc-
tion, magnitude, or onset time of the stimulus. Hence,
this protocol reduced predictive cues which are known to
influence temporal and velocity behaviors in vergence
responses. (Alvarez, Bhavsar, Semmlow, Bergen, &
Pedrono, 2005; Alvarez, et al., 2002)

Simulations were conducted of the slowest (from S1)
and fastest (from S10) vergence responses. Since, nor-
mative data is not readily available for vergence, we
sampled ten subjects. If responses of the fastest and
slowest peak velocities can be simulated then any of the
movements within this range can also be modeled.

The subjects with the fastest and slowest peak veloci-
ties (S1 and S10) participated in a convergence open-
loop experiment. There were two sequential segments to
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this stimulus: an initial 2° convergence step was fol-
lowed by movement of the target which was dependent
on eye position. In the target-dependent segment, eye
position was monitored and target position was continu-
ously changed to maintain a constant disparity of 2° be-
tween the target vergence and the ocular vergence angle.
The stimulus was presented for either a 2.5 sec duration
or until convergence reached a maximum vergence angle
of 16°. The purpose of this experimental protocol was to
open the feedback loop within the vergence system so
that the vergence response has no influence on the
vergence stimulus (Alvarez, Semmlow, Yuan, & Munoz,
2000).

Subjects were dark adapted for approximately five
minutes to minimize any influences from phoria which is
known to influence vergence dynamics (Kim, Granger-
Donetti, Vicci, & Alvarez, 2010; Kim, Vicci, Granger-
Donetti, & Alvarez, 2011; Kim, Vicci, Han, & Alvarez,
2011; Lee, Granger-Donetti, Chang, & Alvarez, 2009).
Since the stimulus was initiated by a button press from
the subject, the subject could pause at any time to avoid
fatigue before initiating another trial. Repetitive eye
movements can induce fatigue and decrease vergence
peak velocity. (Yuan & Semmlow, 2000) Sessions lasted
for approximately 20 minutes and no subject reported
fatigue.

All stimuli were presented along the midline to
evoke pure symmetrical retinal disparity inputs. Alt-
hough this input should not evoke conjugate movements,
saccades are commonly observed especially with larger
movements. Coubard and Kapoula (2008) characterized
saccades during symmetrical 8.2° convergence steps and
6.2° divergence steps with an initial vergence angle of
8.5°. They reported that saccades were found in up to
84% of the vergence responses and identified six mor-
phologies of the saccadic components. Ying and Zee
(2006) reported differences in the timing and amplitude
of the saccades within divergence movements after short
and long periods of sustained symmetrical convergence.
(Ying & Zee, 2006) Semmlow and colleagues (2008)
demonstrated that the initial saccades occurred in a pre-
ferred direction (leftward or rightward) during 4° sym-
metrical vergence responses. (Semmlow, Chen, Pedrono
& Alvarez, 2008) These investigators concluded that
horizontal saccades in symmetrical vergence tend to
quickly bring one eye closer to the target since saccadic
peak velocities are typically an order of magnitude faster
than vergence peak velocities. (Coubard & Kapoula,
2008; Semmlow, Chen, Granger & Alvarez, 2009;
Semmlow, et al. 2008; Ying & Zee, 2006) We have also
shown that the frequency of saccades was inversely cor-
related to the maximum velocity of vergence. (Kim &
Alvarez, 2012)
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As the aforementioned studies report, saccades are
commonly observed in symmetrical vergence even
though the visual input does not directly stimulate a con-
jugate response. Since neither the dual-mode nor the
switched-channel models incorporate the influence of
saccades in vergence movements, we purposely studied
smaller vergence movements (2° and 4°) which have a
lower frequency of saccades (Kim & Alvarez, 2012).
For model simulation comparisons, we compared the
model simulation with an experimental response that did
not contain saccades.

Model construction

Two different models are compared in this research,
the dual-mode (Figure 1A) and the switched-channel
model (Figure 1B). For the dual-mode model, the
vergence response is driven by the combined activity of
a transient component that is preprogrammed and a sus-
tained component that is driven by the error signal (dis-
parity) through a feedback loop.

A Dual-Mode Model

Time Transien t Plant
Delay Component
Time Sustaining
Delay Component

B. Switched-Channel Model

Vergence
Response

Stimulus

Vergence

Plant Response

Figure 1: Block diagram of the (A) Dual-mode model and (B)
Switched-channel model.

For the switched-channel model, retinal disparity
drives five parallel channels, though additional channels
could be added if larger stimuli were involved. Each
channel processes a specific disparity range. Channels
contain a delay element (D1 to D5) and a leaky integra-
tor. The integrator has different gains and time constants
(transfer functions H1 to HS) dependent on the specific
channel. In Pobuda’s configuration, the integrators hav-
ing larger gain and longer time constants are driven by
smaller disparities while integrators with smaller gains
and shorter time constants are driven by larger dispari-
ties. (Pobuda & Erkelens, 1993)

In the original switched-channel model, the
oculomotor plant (which represents the extraocular mus-
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cles and orbital mechanics) used by Pobuda and
Erkelens (1993) had faster time constants than those
reported by other investigators. In our research, respons-
es will be simulated using the plant proposed by Pobuda
and Erkelens as well as the more widely accepted plant
described by Robinson et al. (Robinson, Gordon, &
Gordon, 1986). Simulations of the dual-mode model
used only the Robinson plant (Hung, et al., 1986). Using
the same representation of the oculomotor plant will
facilitate comparison between the two model controllers.

When the slower plant described by Robinson
(1985) was used in conjunction with the switch-channel
model, it was necessary to add a nonlinear rate limiter
element to the feed-forward path in the switched-channel
model. This limiter was required to attain a good fit to
experimental responses having the fastest peak velocities
of our sample. This element represents an upper limit in
the rate of change of a neurological signal and it models
limitations imposed by the underlying neurophysiology.
Although it was not in the original model, its presence is
physiologically reasonable and such limiters have ap-
peared in other models of the vergence system (Yuan,
Semmlow, Alvarez, & Munoz, 1999).

The models were constructed using the Simulink
software package in Matlab. Model parameters were
adjusted to generate vergence responses that matched
those found experimentally. Parameter adjustment was
done initially using visual comparisons and then parame-
ters were optimized using a local minimizer: the Matlab
‘fmins’ routine which is based on the Simplex search
method. To simulate the open-loop experimental condi-
tion, the feedback loop was removed from both models.
In the switched-channel model, only a single disparity
channel was activated, the channel corresponding to the
open-loop disparity stimulus. These modifications al-
lowed us to compare the transient component of the du-
al-mode model to a single disparity channel within the
switched-channel model.

Experimental data analysis

Data analysis was performed with a custom Matlab
program. Left-eye and right-eye movements were first
converted to degrees using the individual calibration
data. The system has a high degree of linearity, within
3% between £25° horizontally (Horng, Semmlow, Hung,
& Ciuffreda, 1998). This study used a two-point calibra-
tion protocol. The left and right eye movement responses
were calibrated separately and then the disparity
vergence responses were subtracted to yield a net
vergence response. Convergence is plotted as positive in
all plots. Responses with blinks and saccades were omit-
ted from the analysis. Blinks and saccadic eye move-
ments were easily identified due to their faster dynamics
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compared to vergence dynamics. Vergence velocities
were computed using the two-point central difference
algorithm (Bahill, Kallman, & Lieberman, 1982).

The evaluation of simulation compared to the exper-
imental response was based on the error between the two
responses. Error was calculated as the summed absolute
value of the difference between the simulation and the
experimental response over the entire response (2 sec).
Differences between simulations were assessed using a
student z-test.

Results

Figure 2 shows simulated 4° vergence step responses
using the dual-mode published model parameters (Hung,
et al., 1986) and switched-channel published model pa-
rameters (Pobuda & Erkelens, 1993) to validate that the
models generated within Matlab matched those reported
in the literature. Note, Pobuda and Erkelens’ published
model parameters produce simulations that are slower
than responses observed experimentally; however, using
different parameters, our simulations of their model gen-
erated faster responses as shown below.

The dual-mode model signal component (Figure 2A)
includes a transient and sustained component (blue and
red line, respectively) while the switched-channel model
response (Figure 2B) consists of the linear summation of
five signal components each generated by a different
channel. When the switched-channel model simulates a
4° step stimulus, channel 5 is triggered first since chan-
nel 5 processes the largest (i.e., 4°) disparity. There are
differences in the time scales between the two simulated
responses. The dual-mode model attains the steady-state
after approximately 400 msec; whereas, the switched-
channel model using the parameters reported in the liter-
ature (Pobuda & Erkelens, 1993) attains the steady-state
after 1500 msec. Again, using a different set of model
parameters, the switched-channel model can simulate the
dynamics of experimental vergence responses.

Figure 3 shows ensembles of experimental 4° and 2°
convergence responses recorded from subjects S1 and
S10. These two subjects had the slowest and fastest peak
velocities from our sample of 10 subjects. Results are
reported in Table 1. Data were collected from 10 sub-
jects to observe the typical inter-subject variation for 2°
and 4° step vergence responses from symmetrical
vergence stimuli.
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Figure 2: Model responses from (4) Dual-mode model and (B)
Switched-channel model using parameters reported in the
literature. In the dual-mode model response, the blue line is the
transient component while the red line shows the sustained
component. In the switched-channel model, the five channels
are represented by yellow, turquoise, purple, red and blue
respectively. Both models show the combined response in
green. Note, the time scales are different between the models.
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Figure 3. Typical vergence responses from two subjects, SI
and S10 who had the slowest and fastest peak velocities of the
10 subjects studied, respectively. Left side: 4° responses; right
side 2° responses.
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Table 1: Peak Velocity with one standard deviation from 10
Subjects to 4 °and 2 °symmetrical disparity step stimuli.

Subject 4° Responses 2° Responses
Velocity (°/s) = Velocity (°/s) £
Standard Deviation Standard Deviation

S1 109+2.1 6.6+ 1.5
S2 11.8+1.8 7.6+2.3
S3 12.1+£23 8.1+£28
S4 133+34 103+ 1.8
S5 163125 10.0+ 0.6
S6 169+4.4 10.3+2.3
S7 17.6£2.3 123+ 1.7
S8 19.7+3.2 13.6+£3.0
S9 21.2+2.3 14.7+£2.5
S10 26.6 £3.7 152+2.3

In this study, both the dual-mode model and
switched-channel model were adjusted to give the best
fit between simulated response and a typical 4° experi-
mental responses selected from the ensemble of respons-
es shown in Figure 3. Examples from both the slower
responses of subject S1 (Figure 4, left) and the faster
responses of subject S10 (Figure 4, right) are shown. The
corresponding experimental and simulated velocity re-
sponses are shown in figure 5 using the format of figure
4. Simulation and experimental responses are superim-
posed for easier comparison. Model parameters used to
obtain these simulations are reported in the Appendix.
Figures 4 and 5 compare the dual-mode model using the
plant parameters proposed by Robinson (upper traces)
with the switched-channel model simulated using both
the plant proposed in Pobuda and Erkelens’ original
paper (middle traces) and the one from Robinson (lower
traces).

When the slower plant described by Robinson
(1985) was used, it was necessary to add a nonlinear rate
limiter element to attain a good fit for the faster dynamic
vergence responses, Figure 1B. As mentioned previous-
ly, this nonlinear element is a reflection of the maximum
positive and negative rates of change of the feed-forward
neural signal. The limits were set empirically to 1000°/s
and 100°/s respectively as shown in the Appendix along
with other model parameters. The model responses
shown in Figures 4 and 5 are very similar to
experimental responses indicating that these behaviors of
can be described by both dual-mode and switched-
channel models over the range of dynamics oberved in
our subjects.
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Figure 4: Comparison of slow and fast position responses
using dual-mode and switched-channel models with plants
described by either Robinson or Pobuda and Erkelens. The
model simulations are plotted as red lines and are compared
with typical experimental vergence responses to 4 °step stimuli
selected from the response ensembles shown in Figure 3 (green
lines). Comparisons are shown for both subject SI who had
the slowest average peak velocity and subject S10 who had the
fastest average peak velocity of all subjects studied. The dual-
mode model simulations using Robinson’s plant are shown in
the upper plots. The switched-channel model using Pobuda
and Erkelens’ original plant and Robinson’s plant are shown
in middle plots and lower plots, respectively. Both models with
either plant can represent the experimental responses.
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Figure 5: Comparison of slow and fast velocity responses us-
ing dual-mode and switched-channel models following the
format used in figure 4. Note, the velocity axes are different
scales for the slow and fast responses from S1 and S10. Both
models with either plant can model the experimental respons-
es.

The absolute value of the difference between the
experimental response and the simulation was summed
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over the entire 2.0 sec response for both the slower and
faster position and velocity responses. Average errors
with one standard deviation are reported in table 2. The
dual-mode 4° simulation for the slower response
produced a similar average error compared to the
switched-channel simulation. A similar trend was
observed with the velocity traces. More error was
observed with the simulations of S10 who had the faster
vergence peak velocity compared to S1. However, the
differences were not significantly difference between the
two models.

Table 2: Average error with one standard deviation for the
entire response for the dual-mode and switched-channel
simulations compared to the 4 ° experimental responses with a
paired t-test statistical comparision.
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mental response. These errors are summarized in Table
3.

Table 3: Average error with one standard deviation for the
entire response for the dual-mode and switched-channel
simulations when input was reduced from 4° to 2° and
compared to a 2 ° experimental responses. A student t-test was
used for statistical comparision

Dual-Mode Switched- Statistic
Stimulus Type Simulation Channel Compar-
Simulation ison
S1(slowest) 2° T7=8.3;
Step Position 0.09£0.07° | 0.29+0.23° <0 0'061
Response r
Sl(slowest).2° 0.54 + 1.62 + T=8.4;
Step Velocity 0.55%s 1.18%/s p<0.0001
Response
S10 (faste'st.) 2° 0.07 + 022+ T=12.4;
Step Position 0.06° 0.11° p<0.0001
Response
S10 (fastest). 2° 0.83 + 157 + T=4.54;
Step Velocity 0.68%/s 1.48°/s <0.0001
Response

Switched Statistic
. Dual-Mode
Stimulus Type Simulati Channel Compar-
fmufation Simulation ison
S1(slowest) 4° 0.08 + 0.10 + T=18:
Step Position C Sy 0
Response 0.06 0.09 p=0.07
Sl(slowest) 4° 041+ 047+ =127,
Stﬁp Velocity 0.34%s 0.33%s p=021
esponse
Sslf’el(fi‘f;zf&f 0.13+ 0.12+ 7-0.82;
Response 0.07 0.10 p=0.41
S10 (fastest) 4° -
. 0.57+ 0.71 £ T=1.33;
Stf{p Velocity 0.48%/s 0.94%s p=0.19
esponse

After adjusting parameters for both models using
the same plant proposed by Robinson to best represent
the 4° vergence responses (Figures 4 for position and 5
for velocity), the simulated input was reduced to 2° to
investigate how closely the model would simulate the
smaller stimulus (Figure 6). When only reducing the
value of the input stimulus, the dual-mode model accu-
rately models the 2° response while the switched-
channel model simulation shows oscillation that produc-
es error (Figure 6A compared to 6B). These errors are
summarized in Table 3 where the error is significantly
less in with the dual-mode compared to switched-
channel simulations.

The velocity profiles of the slow and fast 2° simula-
tion responses with the experimental response are shown
in Figure 7A for the dual-mode, Figure 7B without mod-
ification of the switched-channel model and Figure 7C
for the switched-channel simulation after the parameters
were adjusted for a better fit. The dual-mode model
shows a good fit without model adjustments. Similar to
the average error within the position traces, the average
error for the velocity responses was calculated to assess
how well the model simulation represented the experi-
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The model parameters in channels 1 through 4 were
then adjusted to produce the more reasonable 2° simula-
tions shown in Figure 6C. The exact parameters are
shown in the Appendix. The model parameters of chan-
nel 5 were not changed because this channel was outside
the range of the 2° stimulus and was not involved in me-
diating the resultant response. There was no significant
difference between the average error from the dual-mode
and switched-channel model simulations for position or
velocity traces after the modification. Average error is
reported in Table 4.

Table 4: Average Error with one standard deviation for the
entire response for the Dual-mode and Switched-channel
simulations for 2 °responses after the Switched-Channel model
was adjusted. A student t-test was used for statistical
comparision

Thisarticleislicensed under a

Dual-Mode Switched- Statistic
Stimulus Type Simulation Channel Compar
u Simulation ison
S1(slowest) 2° 0.09 + 0.08 + T=1.01;
Step Position e 0070 —031
Response 0.07 007 poo3t
Sl(slowest). 2° 0.54 + 0.60 + T=0.75;
Stfe{p Velocity 0.53%/s 0.58%/s p=045
esponse
Responss 0.06 0.09 p=0.07
S10 (fastest)‘ 2° 0.83 + 0.94 + T=1.06;
St;p Velocity 0.68%/s 0.78%/s p=0.29
esponse
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Figure 6: Comparison of dual-mode and switched-channel
models simulation to a slower (left) response from subject SI
and a faster response (vight) from subject SI10. The simulation
is shown in red and the experimental response is in green. The
models were adjusted using 4 ° data then the amplitude of the
response was decreased to 2 °and compared to several 2 °re-
sponses. The response with the best fit is shown (Plot A for
dual-mode and Plot B for switched-channel). The switched-
channel model could represent the 2 ° response but only after
parameter adjustment (Plot C). All models used the plant pro-
posed by Robinson.
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2 Deg Velocity Responses
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Figure 7: Experimental responses (green), dual-mode model
simulations (blue) and switched-channel model simulations
(green) for 2° response from S1 who has slower movements
(left) and S10 who has faster movements (rvight). Plot A and B
shows the velocity traces without modification to either the
dual-mode or the switched-channel mode, respectively. Plot C
shows the velocity traces after modification to the switched-
channel model. All models used the plant proposed by Robin-
son.

Open-loop responses are important behaviors reported
in the literature. (Alvarez, et al., 2000; Satgunam,
Gowrisankaran, & Fogt, 2009; Sheliga & Miles, 2003)
Figure 8 (upper plots) shows the responses from subjects
S1 and S10 to a 2° open-loop stimulus in which disparity
is held constant. The simulations produced by either the
dual-mode (Figure 8 middle plots) or the switched-
channel (Figure 8 lower plots) model do not accurately
represent the experimental data. The red line plots the
position trajectory while the blue line represents the ve-
locity trajectory. Multiple step-like behaviors are seen in
the experimental responses of both subjects, yet this be-
havior is not found in simulations of open-loop respons-
es generated by either model.
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Experimental and Model Simulations for
Open Loop Responses
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Figure 8: Open loop 2 ° experiment. Experimental responses
(upper plots), dual-mode model simulations (middle plots) and
switched-channel model simulations for response from subject
S1 who has slower vergence dynamics (left plots) and from
subject S10 who has faster vergence dynamics (right plots).
The models used the plant proposed by Robinson. Position is
plotted in red and velocity is plotted in blue.

Discussion

Comparison between Models:

In this study, the dual-mode and switched-channel
models simulated experimental vergence responses. Re-
sults showed that both the dual-mode and switched-
channel model could accurately represent 4° vergence
responses of subjects having either slow or fast dynam-
ics. However, when the switched-channel model with
Robinson’s plant was used to simulate faster 4° vergence
responses, an additional rate-limiter element had to be
applied to attain a good fit between the experimental and
simulated responses.

The dual-mode model could produce 2° vergence re-
sponses that were similar to those obtained experimen-
tally using the same parameter values that were used to
simulate 4° responses. In the switched-channel model,
most of the parameters had to be readjusted to attain a 2°
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vergence response that was similar to the experimental
response. Prior to readjustment of the switched-channel
model parameters, oscillations were seen in simulated
responses that were not observed experimentally. The
average errors of position and velocity traces were sig-
nificantly more in the switched-channel compared to the
dual-mode when comparing the 2° simulations without
any parameter adjustment. In this sense, the dual-mode
model is more general than the switched-channel model
as it can simulate different amplitudes with fewer pa-
rameter changes.

Despite differences in their configuration, the models
have interesting similarities in their behavior. The transi-
ent component signal from a 4° step stimulus generated
using the dual-mode model is similar to the simulated
signal from the H5 channel of the switched-channel
model: the channel that processes the largest disparity as
well as an experimental response. The similarity be-
tween these two signals demonstrates why both models
can generate essentially the same dynamics. The dual-
mode model generates the fast transient component in
the preprogrammed control element while in the
switched-channel model this signal is generated by the
outer channel. The outer channel becomes open-loop
once channel switching occurs so this channel functions
as a preprogrammed (i.e. open-loop) pathway in the
switched-channel model.

Neurophysiological Basis of Each Model:

The underlying neurophysiology should be a major
consideration in the design and evaluation of biological
models. The dual-mode model configuration reflects the
neurophysiology of the brainstem where single cell re-
cording on primates found burst and tonic cells in the
midbrain which they also termed ‘velocity-encoding’
and ‘position-encoding’ cells respectively (Gamlin &
Mays, 1992; Mays & Porter, 1984; Mays, Porter,
Gamlin, & Tello, 1986). In the dual-mode model, the
tonic signal would be the sustaining component and the
burst cell would be the transient component. However,
the dual-mode model configuration does not reflect the
disparity tuned cells reported in the striate cortex.

A substantial number of neurons in the striate cortex
(V1) are shown to be related to the horizontal positional
disparity (Barlow, Blakemore, & Pettigrew, 1967;
Pettigrew, Nikara, & Bishop, 1968; Poggio, 1995; .
Poggio, Gonzalez, & Krause, 1988). Disparity tuned
cells are represented by the disparity channels within the
switched-channel model where the sensory signal is pro-
cessed by different pathways depending upon the
amount of disparity present in the system.

Thus, each model is supported by a portion of the un-
derlying neurophysiology: the dual-mode model better
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reflects the motor side while the switched-channel model
reflects the sensory side of this complex motor control
system.

Considerations for Future Models:
Open Loop Responses.

There are several important behavioral responses that
neither model can adequately simulate. In the open-loop
experiment, the error signal or disparity is held constant
and multiple step-like behaviors are seen in the resulting
vergence movement (Figure 8). Neither the dual-mode
model nor the switched-channel model could accurately
simulate the open-loop vergence responses.

The oscillatory behavior seen in the open-loop exper-
imental data have been well studied and are produced by
a nonlinear switching operator that is activated when the
disparity exceeds a given threshold of approximately
2.7° (Semmlow, Hung, & Ciuffreda, 1986).

Double Step Responses:

Another behavior that was not represented by either
model was the double step-like movements sometimes
seen in response to a simple step input (Alvarez, et al.,
1998). If the initial transient convergence does not attain
approximately 80% of the intended amplitude, then a
secondary high-velocity component was frequently gen-
erated. The first-order dynamics of both the first and
second high-velocity components were similar indicating
the two step-like components were probably produced
by the same neural control mechanism. Our laboratory
showed that this secondary step-like movement is proba-
bly generated by an efference copy signal. (Alvarez, et
al., 2000) A newer model of dual visual-local feedback
model supports an efference copy within its design.
(Erkelens, 2011) In their current configurations, the du-
al-mode, switched-channel or the dual visual-local feed-
back can mimic this double step behavior. However,
both the open-loop and double step behaviors indicate
the presence of some type of preprogrammed control in
the vergence system.

Dependence on Initial Vergence Angle and Direction:

Our current investigation has shown simulations and
experimental results of convergence (inward turning)
movements only. Yet, empirical data support that diver-
gence responses at far will be slower than divergence
responses at near, and convergence responses at near
will be slower than those at far. (Alvarez, Semmlow, &
Pedrono, 2005; Kim, et al., 2010; Kim, Vicci, Han, &
Alvarez, 2011; Lee, et al., 2009; Patel, Jiang, & Ogmen,
2001; Patel, et al., 1997). Neither model incorporates an
initial vergence angle or direction dependency.
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Influence of Phoria and its Adaptation:

Adaptation has many forms. Neither model can repre-
sent the influence of phoria or its adaptation. Studies
have shown that vergence velocity is a function of a per-
son’s phoria level. Specifically, esophoric subjects have
faster convergence peak velocities compared to diver-
gence peak velocities. Conversely, exophoric subjects
have faster divergence compared to convergence peak
velocities. (Kim, et al., 2010) Several more subtle be-
haviors are also not represented by either model. For
example, Patel and colleagues have shown that diver-
gence dynamic can be modified by a sustained fixation
(Patel, Jiang, White, & Ogmen, 1999). Others have
found similar behavior in both convergence and diver-
gence movements (Kim, et al., 2010; Kim, Vicci,
Granger-Donetti, et al., 2011; Kim, Vicci, et al., 2011b;
Lee, et al., 2009; Satgunam, et al., 2009).

Modification of Vergence Peak Velocity from Prior
Stimuli:

External stimulus conditions have been shown to in-
fluence vergence peak velocity. Predictive cues such as
prior knowledge of timing, direction and / or magnitude
of the stimulus can alter vergence dynamics.(Alvarez,
Alkan, Gohel, Douglas Ward, & Biswal, 2010; Alvarez,
et al, 2002; Krishnan, Farazian, & Stark, 1973)
Vergence gain can also be increased or decreased de-
pending on previous stimuli referred to as conditioning
stimuli (Alvarez, Bhavsar, et al., 2005; Munoz,
Semmlow, Yuan, & Alvarez, 1999; Takagi et al., 2001;
Takagi, Trillenberg, & Zee, 2001).

Saccade — Vergence Interaction:

Neither the dual-mode nor the switched-channel
models account for saccade-vergence interaction. Con-
troversies exist in the literature concerning the interac-
tion between saccade and vergence eye movements.
(Cullen & Van Horn, 2011; King, 2011; Leigh & Zee,
2006) Previous studies have supported that complex,
nonlinear interactions exist between the saccade and
vergence subsystems. (van Leeuwen, Collewijn, &
Erkelens, 1998; Zee, Fitzgibbon, & Optican, 1992) Sev-
eral models have been proposed to describe the en-
hancement of vergence peak velocity response induced
by saccade-vergence stimuli (i.e. looking between tar-
gets (side-to-side) that are located in different depths
(near to far)). These models are based upon 1) the inhi-
bition of the saccadic omnipause neurons (OPN) (Mays
& Gamlin, 1995; Zee, et al., 1992), 2) both the saccadic
pulse and omnipause neuron inhibition (Kumar, Han,
Dell'Osso, Durand, & Leigh, 2005; Kumar et al., 2000),
3) a multiplicative interaction between a weighted sac-
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cadic burst signal and vergence motor error (Busettini &
Mays, 2005), and 4) dual visual with local feedback
mechanisms (Erkelens, 2011).

However, a recent study by Van Horn and Cullen
suggests that the saccadic system, specifically the sac-
cadic burst neurons (SBNs), by itself can encode the
saccade facilitated vergence eye movements. (Van Horn
& Cullen, 2008)

It is important to note that the visual stimuli within
our study were pure, symmetrical disparity step stimuli
and hence generated no retinal stimulation to the sac-
cadic system. For this study, responses with saccades
were omitted. Our laboratory and other investigators
have published that even when symmetrical vergence
stimuli are presented to a subject, many of the responses
contain horizontal saccades. (Coubard & Kapoula, 2008;
Semmlow, et al. 2009; Semmlow, et al., 2008)

Conclusion

Simulations of two popular model configurations of
vergence motor control have been compared to experi-
mental findings across a range of response dynamics.
Although both models can accurately simulate step re-
sponses, many important behaviors cannot be produced
by either model. Clearly, a new more comprehensive
model is warranted that extends behavior capability and
takes into account the underlying neurophysiology of
both the primary visual cortex and the final common
pathway.
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Appendix

Table 5. Parameters used in dual-mode model to generate a 4 °
simulation response

Lee, Y.-Y, Semmlow J.L. & Alvarez, T.L. (2012)
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1000 %s and the falling slew rate was 100 9s. Since 1000 s is
extremely fast for vergence response, it was the falling slew
rate that had an impact on the simulations.

Slow Response Fast Response
Disparity Range Gain Time Gain Time
() Constant (s) Constant (s)

H1: 0.0-0.02 15 10 40 0.01
H2:0.2-0.5 13 0.7 8 0.04
H3:0.5-1.0 11 1.4 2 0.03
H4:1.0-2.0 8.7 1.0 35 0.08
H5:>2.0 22 0.28 32 0.02

Table 7. Parameters in switched-channel model used to attain
a better fit for the experimental 2 °responses.

Slow Response Fast Response

Step Gain 1 1.62

SC Numerator 33 4
SC Denominator [0.62, 0.08] [0.6, 0.03]

SC Der Zero -1 -1
SC Der Poles 0.1 -10
SC Der Gain 0.11 0.9
SC Latency 0 0
SC Slew 10 60

Slow Response Fast Response
Disparity Range . -
©) Gain | "™ | Gain | 1Me
Constant (s) Constant (s)
H1:0.0-0.02 15 1 40 0.01
H2:0.2-0.5 13 0.9 8 0.04
H3:0.5-1.0 16 0.7 3 0.02
H4: 1.0-2.0 2 0.1 3.4 0.01
H5:>2.0 Not Involved Not Involved
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