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Abstract
This study investigated the effect of ocu-
lomotor-auditory feedback training on 
the stability of eye and head movements 
during the golf putting stroke and on put-
ting performance.  Twelve novice golfers 
participated in the study. Nine undertook 
training while three served as non-training 
controls.  Initially, all subjects attempted 
40 putts to a standard size golf-hole 9 
feet away.  Eye, head, and putter move-
ments were recorded objectively using a 
wireless sensor system.  The experimental 
subjects then used an oculomotor-audi-
tory feedback regimen twice for 15 min-
utes each and attempted about 300 com-
puter simulated trials. The 40 putts were 
then repeated for both groups.  The data 
were analyzed for eye and head signals 
within the putting stroke time interval. 
The results showed a trend of better put-
ting performance and reduced eye move-
ments and head movements for the exper-
imental subjects. The control subjects did 
not show these changes.  This indicates 
that training using a simulator with ocu-
lomotor-auditory feedback improved eye 
and head stability during the golf putting 
stroke and enhanced putting accuracy. 
This also suggests that multi-sensory eye 
position error-based information can 
be combined at higher neural centers to 
enhance fixational oculomotor control.
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INTRODUCTION

Multimodal input from visual, 
auditory, and tactile cues 
has been used to improve 

channel capacity for human-computer 
interface communication.1-2  It has also 
been used in clinical applications such 
as chronic airflow obstruction3 and reha-
bilitation in stroke patients.4  Training in 
such interactive, multimodal environ-
ments has been shown to reduce symp-
toms and improve performance.  For 
example, in subjects with chronic airflow 
limitation, multimodal endurance training 
was employed. Specific upper and lower 
limb exercises such as walking, stair 
climbing, arm ergometry, treadmill, and 
breathing alleviated exertional symptoms 
and improved ventilatory and periph-
eral muscle strength.3  In stroke patients, 
training with augmented visual and audi-
tory feedback helped to smooth move-
ment trajectories and reduced undesirable 
compensatory trunk and shoulder move-
ments.4 Furthermore, multimodal training 
has been used with athletes. Various sen-
sors were embedded in the equipment and 
on the athletes that allowed feedback to 
be provided via video analysis. This type 
of training has been applied in sports such 
as tennis and skiing to improve perfor-
mance.5,6 
Studies over the past several decades 
have demonstrated that most vision func-
tions can be improved by specific labora-
tory-based vision training paradigms (see 
Ciuffreda and Wang7 for a review).  It 
was found that a full range of static and 
dynamic sensory/perceptual (e.g., visual 

acuity, steroacuity, etc.)8-9 and motor 
(e.g., saccadic adaptation)10 functions 
can be trained. The underlying processes 
for improvement in performance have 
been attributed to perceptual and motor 
learning.7,11,12 The mechanism for percep-
tual learning is believed to involve a re-
weighting of sensory channel input that 
leads to a bias in favor of the more rel-
evant or specific task.13  The mechanism 
for motor learning is believed to occur by 
increased synaptic efficiency similar to 
that in a Hebbian neural-network.14

Oculomotor feedback has been used in 
a variety of contexts to improve one’s 
visual and motor abilities.  For example, 
it has been used in conjunction with per-
ceptual and motor training to enhance per-
formance in a range of sports activities.15  
Auditory feedback of eye movement posi-
tion has been used to assist the control of 
eye fixation in the dark in normals16 and 
in individuals with strabismus, amblyopia 
and nystagmus, in the light.12 ,17,18

Putting is a very important component of 
golf.  It accounts for approximately 40% 
of the strokes taken during a round.19   
Although the act of putting appears to 
be simple, it is perhaps the most difficult 
part of the game.20 The present study was 
undertaken to investigate whether accu-
racy of oculomotor fixation and head 
position, as well as putting performance, 
are improved following specific training 
using a putting simulator that provided 
visual feedback of eye fixation that was  
augmented by auditory feedback for larger 
eye deviations.

METHOD
Apparatus
Putting Experimental Measures
For the putting experiments, a wireless 
device was used for measuring head, eye, 
and putter movements objectively.  It 
has been described in detail elsewhere.21   
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Briefly, it consisted of a circuit board 
containing an accelerometer that was 
mounted atop a visor worn by the subject.  
An infrared-reflection eye sensor, which 
was secured via a flexible cable to the 
side of the visor, was positioned in front 
the subject’s left eye (Figures 1 and 2).  
The eye movement signal was sent via a 
ribbon cable to the circuit board atop the 
visor.   Both the head acceleration and eye 
position signals were sent wirelessly via 
an onboard antenna to a receiving board 
connected to the Universal Serial Bus 
(USB) port of a laptop.  A second circuit 
board containing an accelerometer was 
mounted on the shaft of a putter.  The put-
ter motion signal was sent wirelessly via 
an onboard antenna to the receiving board 
connected to the laptop.  The location of 
the hole relative to the starting position of 
the ball remained the same for all trials. 
The subject practiced a few putts before 
the experiments to determine the direction 

and speed needed to make the putt.  The 
subject was allowed to make any minor 
adjustments in direction and speed during 
these trials. The task was to execute the 
putting stroke. The movements of the eye, 
head, and putter are mostly in a plane con-
taining the eyes, ball and hole.  Thus, the 
movements that are measured are mainly 
in the lateral direction towards (or away 
from) the hole.
Training Device
The perceptual and motor putter training 
device consisted of a computer screen 

(22° horizontal x 17° vertical) that dis-
played a black circular target (3.7° dia.) 
with a center cross (0.7° x 0.7°) and a 
vertical black rectangular bar (0.7° hori-
zontal x 4.5° vertical) that represented a 
simulated putter blade (Figure 3).  The 
subject sat approximately 70 cm from the 
screen and wore the same visor that was 
used in the baseline putting measures. The 
fixational eye response was displayed as a 
red dot (0.7° dia.) on the screen. The sub-
ject’s task was to keep the red dot (fixa-
tion point) in contact with the cross and to 

Figure. 1. Subject wearing visor with attached 
head sensor (mounted on the visor) and eye sen-
sor (positioned in front of the eye).  

Figure 2. Subject putting while wearing the de-
vice.

Figure 3.  Display showing fi xation target and simulated ball and putter blade.  The lateral motion of 
the blade is controlled by a mouse.  Following impact, the ball moves to the left at a speed that is pro-
portional to the simulated putter blade speed.  At right is the control panel for parameter selection.

Figure 4a. Pre-Training.  Typical record showing relatively large eye (lower left) and head (upper 
right) movements before ball impact (spike in putter movement trace, upper left).   Upwards is in the 
direction towards the hole.  
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execute the simulated putting stroke when 
the red dot was touching the cross for a 
short, but stable, period of time.  A tone 
was generated if the eye position was out-
side the circle. Lateral motions of a com-
puter mouse were used to control move-
ment of the simulated putter blade on the 
computer screen.  This motor movement 
of the mouse was meant to simulate the 
lateral motion of the hand and arm during 
the actual golf putting stroke.  When the 
simulated putter face contacted the circle 
on the screen, a large red circle (3.7° dia.) 
appeared and moved horizontally to the 
left, thereby simulating the rolling of a 
golf ball.  The speed of ball movement 
was directly related to the speed of the 
simulated putting stroke.

A. Pre- and Post-training 
Putting Session
Twelve novice golfers (10 males and 
two females) ranging in age from 20-24 
years participated in the study.  Nine of 
these subjects served as experimental 
subjects, while three served as controls 
(i.e., without training).  On the first day 
of the experiment, the subject attempted 
to execute, without prior instructions, 40 
putts to a standard size golf-hole located 
9 feet away.  For each attempted putt, the 
eye, head, and putter movements were 
recorded over a 3-sec epoch using the 
wireless sensor system.  Also recorded 
was the putting accuracy (i.e., whether the 
putt was made or missed).  Following the 
oculomotor-auditory training (see below), 
this procedure was repeated on a subse-
quent day. 
Prior to participation in the experiments, 
all subjects provided written informed 
consent.  The study was approved the 
Rutgers University Institutional Review 
Board committee.

B. Simulator-Based Oculomotor- 
Auditory Feedback Training
The perceptual and motor putter train-
ing was performed immediately after the 
Pre-Training putting task on the first day, 
as well as just before the Post-Training 
putting task on a subsequent day.  The 
subject’s task was to fixate the center 
cross and execute a simulated putting 
stroke using the mouse, while attempting 
to maintain eye fixation within the black 
target circle.  Following the simulated 
stroke using the mouse, the red dot, which 
represented the putted ball, moved to the 
left on the screen and eventually off the 

TABLE 1.
Averaged performance across subjects for Control Group (n=3) 

and Pre- and Post-Training Group (n=9).
Control Experiment

Session 1 Session 2 Pre-Training Post-Training

Putt (% made) 26.3 (8.6) 21.7 (3.1) 32.4  (5.6)* 37.9 (5.7)*
Eye (RMS, cm) 4.80 (0.22) 5.20 (1.50) 3.63 (0.78)* 3.20 (0.74)*

Head (RMS, cm) 4.36 (0.18) 5.56 (1.61) 4.44 (1.05) 3.20 (0.74)*

*Shows a statistical trend in the difference between Pre- and Post Training (p < 0.1).  For all other 
differences,  p > 0.1.  Standard error of measure values are the shown in parentheses. RMS=root mean 
square

Figure 4b. Post-Training.  Typical record showing relatively small eye (lower left) and head move-
ments (upper right) before ball impact.

Figure 5. Putting performance [Putt (percentage made, divided by 10)], and eye [Eye] and head 
[Head] variation (RMS, cm), under the conditions of: Control (C) – Session 1 (striped) and Session 2 
(dotted); and Experiment (E) - Pre- (black) and Post- (white) Training.  Mean ± 1 standard error of 
the mean.
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screen. The original black circle with the 
cross remained on the screen to provide 
a fixed reference.  This was repeated at a 
rate of about 25 strokes per minute over a 
15-minute period.  Occasionally, the train-
ing was interrupted for eye sensor adjust-
ment or fatigue. The total number of train-
ing trials was approximately 300.

C. Control Sessions 1 and 2
The control subjects (two males, one 
female) performed the same putting tasks 
as the experimental subjects, except they 
did not receive oculomotor-auditory feed-
back simulator training.  These were des-
ignated as Control Sessions 1 and 2 cor-
responding to the Pre- and Post-Training 
sessions.

D. Data Analysis
The eye, head, and putter data were con-
verted via calibration to equivalent dis-
placement (in cm) on the putting surface.   
For each record, the beginning and end 
(i.e., at the moment of ball impact) of the 
putter motion were delimited manually, 
and the root mean square (RMS) of eye 
and head movements within this interval 
was calculated. The subject’s average 
RMS value was obtained for each of the 
two experimental sessions.  Then, a t-test 
was performed between the Pre- and Post-
Training sessions for the eye and head 
RMS values across all subjects.  A simi-
lar analysis was performed for the control 
subjects to assess the difference in RMS 
values between Control Sessions 1 and 2.

RESULTS
Typical records during the putting stroke 
are presented for Pre- (Figure 4a) and 
Post-Training (Figure 4b).  In the putter 
trace (upper left), the beginning of the 
backstroke is seen as a downward move-
ment in the trace (upwards is towards 
the hole).  The point of impact is at the 
sharp spike.  Since the trace is derived 
from acceleration data, it provides the 
times of stroke initiation and impact, but 
not the exact position of the putter during 
its time course.  The eye and head move-
ment traces are shown in the lower left 
and upper right plots, respectively.  Com-
parison of the Pre- (Figure 4a) and Post-
Training (Figure 4b) traces from the time 
between initiation of the backstroke and 
prior to ball impact shows that the eye and 
head movements exhibit less variation 
following the training.  
Figure 5 shows a bar graph of results for 
control (C) and experimental (E) subjects.  

For the control subjects, the percentage of 
putts made was lower for Session 2 than 
Session 1.  For the experimental subjects, 
it was greater following oculomotor-audi-
tory training.  Also presented is a compar-
ison of the RMS values of eye and head 
movement measured from the beginning of 
the backstroke to the point of ball impact. 
(Table 1.) The control subjects exhibited a 
trend of increased RMS for eye and head 
movements from Session 1 to Session 2.  
On the other hand, the experimental sub-
jects show a trend of decreased RMS for 
eye and head movements following ocu-
lomotor auditory training.  Table 1 sum-
marizes the parameter values for the con-
trol and experimental subjects.

DISCUSSION
Biofeedback refers to the process of gain-
ing voluntary control over a bodily func-
tion by immediate use of specific infor-
mation regarding its physiological state.  
Thus, the individual is provided infor-
mation from biological processes nor-
mally beyond their awareness. This then 
facilitates the regulation of these same 
functions.18  More specifically, oculomo-
tor-auditory feedback refers to the use 
of visual and auditory signals related to 
and correlated with changes in eye posi-
tion. These signals can be used to moni-
tor one’s oculomotor status, such as the 
fixational eye movement system and its 
saccadic and drift-related errors as per 
the present study.  Over a relatively short 
time period, the subject learns to use this 
information to enhance oculomotor per-
formance. It is presumed that this skill 
transfers to improved task performance, 
as found in the present study with respect 
to putting. This is consistent with earlier 
studies involving multi-sensory feedback 
training/therapy in a variety of normal and 
abnormal visual conditions.12, 22

Training in an interactive, multimodal 
environment has been shown to improve 
performance in patients with disabilities3,4 

and in athletes.5-6  Our study examined a 
specific application of multimodal train-
ing, namely one that used computer dis-
play to provide eye position information. 
A criterion was to remain within a circular 
region that would elicit a tone if the eye 
excursion moved beyond the circle.  The 
computer mouse was not intended to be 
a substitute for the putter. It was used to 
provide an overall movement pattern that 
mimicked the back and forth motion of 
the putting stroke.23  Nevertheless, the 

improvement in performance follow-
ing simulator training found in our study 
provided support for the use of this mul-
timodal feedback technique to improve 
hand motion and to train the eye and 
head to remain steady during the putting 
stroke.
Putting is arguably the most difficult 
part of the golf game and accounts for 
about 40% of the score.18,19  Even a small 
improvement in putting performance 
of about 5%, as found in this study, can 
be the difference between a poor and an 
average score, or between an average and 
a good score. We speculate that the les-
son learned by the subjects includes not 
only the oculomotor-auditory feedback 
training regimen, but also the information 
provided by the replay of the time courses 
of their eye and head motions.  That is, 
they can visualize for the first time what 
their eyes and head are actually doing dur-
ing the putting stroke.  This may confirm 
or perhaps even contradict their subjec-
tive notion of their oculomotor responses.  
Nevertheless, these displays provide the 
potential for correction of forward antici-
patory movements or inappropriate track-
ing of the putter’s to-and-fro motion. This, 
in turn, could help to further improve per-
formance.  Overall, it is hoped that ocu-
lomotor-auditory training, which empha-
sizes steady eye and head position while 
executing putting motions, can be trans-
lated into improved eye-hand coordina-
tion and enhanced performance on the 
golf course.   

CONCLUSION
This study demonstrated the effectiveness 
of multimodal simulator training using 
oculomotor-auditory feedback in improv-
ing putting performance.  The computer 
mouse movement was not intended to be 
a substitute for the normal putting stroke, 
but rather was used to mimic its back 
and forth motion along the line of the 
putt.  Nevertheless, visual-motor training 
appears to improve hand motion, as well 
as eye and head stability, during the put-
ting stroke.  This is shown by the contin-
ued improvement in percentage of putts 
made, and the reduction in eye and head 
movements, following simulator training.   
In contrast, control subjects without ocu-
lomotor-auditory feedback training did 
not show improvement in either putting 
performance or eye and head stability. 
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