
 
 

 

  

Abstract—Convergence insufficiency is characterized by an 
inability to maintain effortless alignment of the two eyes 
(binocular convergence) while performing near tasks.  
Conventional rehabilitative vision therapy for the condition is 
monotonous and dull, leading to low levels of compliance.  If 
the therapy is not performed then improvements in the 
condition are unlikely.  This paper examines the use of 
computer games as a new delivery paradigm for vision therapy, 
specifically at how they can be used in the treatment of 
convergence insufficiency while at home.  A game was created 
and tested in a small scale clinical trial.  Results show clinical 
improvements, as well as high levels of compliance and 
motivation.  Additionally, the game was able to objectively 
track patient progress and compliance. 

I. INTRODUCTION 

A. Physical Rehabilitation 
A large percentage of the population suffers from injuries 

and neuromuscular disorders which require physical 
rehabilitation exercises [1].  During this rehabilitation, the 
patient must perform the same, often monotonous, routine 
for days, if not months.  Expectedly, a large number of 
patients who require this form of therapy do not comply.  In 
order to keep motivation and morale high, patients must not 
dread their therapy, and not find it boring or redundant.  
Therefore, it is important to investigate alternative methods 
of therapy and to compare their compliance and efficacy to 
conventional approaches.  The use of computer technology 
has great potential in the physical rehabilitation of these 
populations. 

Computer-assisted physical rehabilitation is a new and 
rapidly growing area of research and promising advances 
have been made in areas such as rehabilitation of the upper 
limbs, the joints of the legs, or  gait and posture after stroke 
or injury [2]–[7]. The majority of applications use haptic 
interfaces that interact with patients via their sense of touch 
by applying both assistive and resistive forces.  Recently, 
virtual reality environments have been used to enhance the 
delivery of this form of therapy [8], [9].  

There are number of studies using computer games to aid 
in the rehabilitation of individuals with both neuromuscular 
and musculoskeletal disorders with the majority focusing on 
upper limb rehabilitation (e.g., [10]–[15].). Most of these 
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studies rely on expensive equipment and sophisticated 
technology to generate suitable forces and to measure the 
kinematics and dynamics of the limbs. Most studies 
understandably focus on the devices themselves and 
concepts such as biofeedback, rather than on the outcomes 
of clinical trials and factors such as patient motivation and 
compliance. Vision therapy is a form of physical 
rehabilitation that does not share the complications related to 
presenting external forces. 

B. Visual Rehabilitation 
Normal binocular vision requires alignment of the two 

eyes in order to fuse the information provided by each eye 
into a single image. Many individuals suffer from binocular 
vision disorders that make this process difficult [16]. Vision 
therapy or orthoptics is a form of physical therapy.  It is a 
non-surgical approach to treat binocular disorders through 
the use of “eye exercises”.  Despite the term “eye exercises” 
they do not involve strengthening the muscles of the eyes.  
The primary goal of vision therapy is to improve control of 
the vergence eye movement system leading to more 
comfortable and sustainable binocular vision [17].  
Differential rotation of the eyes is known as vergence and 
can either be inward to align the eyes on nearer objects 
(convergence) or outward to align the eyes on farther objects 
(divergence).  

Binocular alignment is also critical for stereoscopic depth 
perception.  Each of our eyes sees our environment from a 
slightly different point of view due to their different 
positions in our head.  Differences or disparities between the 
images received by each eye contain depth information [18]. 

Depending on the patient and their condition, vision 
therapy can be performed either at home or under the 
supervision of an eye care professional.  These are referred 
to as home-based vision therapy (HBVT) and office-based 
vision therapy (OBVT), respectively.  In general, it has been 
shown that OBVT is more effective and requires a shorter 
amount of time to work than HBVT [19], [20].  However, 
OBVT is expensive and requires time away from work, 
school or other responsibilities and travel to the therapist. 
The majority of the eye exercises are tedious and 
monotonous.  As such, most patients do not look forward to 
their therapy and compliance rates are notoriously low [21].       

II. STEREOSCOPIC COMPUTER GAMES FOR VISION THERAPY 
Although the use of computers is a growing area of 

research in the realm of physical rehabilitation, their use in 
vision therapy has been limited.  Cooper and Citron [22] and 
Somers et al. [23] presented systems that essentially 
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replicated traditional exercises on a computer monitor. 
Cooper et al. [24] have converted and improved this method 
so that it could be run at home on a personal computer and it 
is currently marketed as HTS (Home Vision Therapy 
System).  

We present a new kind of delivery paradigm for home-
based vision therapy using video games targeting a common 
sensory and neuromuscular binocular eye movement 
disorder known as convergence insufficiency (CI).  CI is 
characterized by an individual's inability to maintain 
effortless binocular convergence while performing near 
visual tasks [16].  Symptoms commonly associated with CI 
include but are not limited to frontal headaches, blurred 
vision, double vision, eye strain and reading problems [25], 
[26]. Typically, treatment for CI relies on exercises that 
require repeated convergence of the eyes.  In our approach, 
these exercises are integrated into a computer game.  Three 
key interrelated factors to successful vision therapy are 
motivation, cost, and efficacy. We predict that the use of an 
interactive medium like video games will make therapy 
more fun, making patients less likely to be discouraged by 
their condition and more likely to complete their prescribed 
therapy with successful outcomes and at modest cost.    

A. Game Description 
The game is a modified three-dimensional version of the 

classic game Pac-Man [27].  In the Stereo Pac-Man game, 
players navigate Pac-Man through several mazes collecting 
pellets and power pellets while avoiding four ghosts that 
emerge from a central cage on the board.  Players advance to 
subsequent levels by collecting all pellets.  Collecting power 
pellets make Pac-Man invincible for a short period of time.  
If Pac-Man is not “invincible” and he touches a ghost then 
he will die and all characters will be returned to their starting 
positions in the maze.   

Unlike the original Pac-Man, Stereo Pac-Man makes use 
of semi-buffered keyboard input making it possible for 
individuals with slow reaction times to play the game 
without becoming frustrated with the controls.  The player 
has an unlimited number of lives in Stereo Pac-Man as the 
length of the training session is set ahead of time and the 
player can die an arbitrary number of times during this 
period (i.e. the length of therapy is not based on how good 
the player is at the game of Pac-Man). 

The top portion of the screen consists of a random dot 
stereogram that contains a top-down view of the current 
maze.  A classical stereogram is composed of a pair of 
images (one for each eye) that can be viewed using a device 
known as a stereoscope, which aids in the fusing of the 
images.  In random dot stereograms the images are 
composed of a random collection of dots.  The dot pattern 
contains “hidden” stereoscopic geometry that can only be 
seen when the images are properly binocularly aligned.   The 
critical feature of this type of stimuli, that we exploit in our 
system, is that they allow depth to be perceived from 
disparity but only when the eyes are properly aligned  [28].   

  

The bottom portion of the screen contains a three-
dimensional stereoscopic representation of the current maze.  
Power pellets are only visible in the stereogram and regular 
pellets are only visible in the three dimensional view.  There 
are a total of four randomly placed power pellets per maze, 
one in each quadrant.  If the player presses the spacebar 
within one second of crossing the power pellet's location 
(either before or after) they will become invincible, 
experience an increase in score, and the power pellet will be 
removed from the stereogram.  While invincible, Pac-Man 
may eat ghosts causing them to return to their starting 
position in the central cage.  The one second window is 
again to accommodate players with slower reaction times.  If 
the player presses the spacebar when not near a power pellet 
then they will die, experience a decrease in score, and all 
characters will be returned to their starting positions in the 
maze.  An image from Stereo Pac-Man can be seen in Figure 
1a.  

B. Stereoscopic Viewing and Vergence Demand 
Custom mirror stereoscopes are used to provide each eye 

with a different image for both the random dot stereogram 
and the lower three dimensional display. The custom 
stereoscopes are less costly than current commercial 
alternatives and include several additional features that make 
them ideal for home based vision therapy.  Sets of mirrors, 
one set per eye, are directed to opposite halves of the same 
computer monitor.  Therefore, when one looks at the central 
mirrors each eye receives an image of a different half of the 
computer screen. As the design is relatively simple, these 
stereoscopes could be mass-produced using cheaper 
materials such as plastic.  Configuration and setup of the 
custom mirror stereoscopes is simple and the entire device 
can be disassembled and reassembled with ease. 

The random dot stereograms and the lower display form a 
stereoscopic stimulus at a simulated distance that is used to 
provide fusional vergence training to the player.  Changing 
the positions of the monocular stimuli on the computer 
monitor requires vergence eye movements by the player to 
fuse them.  In this way vergence demand can be varied 
during the game therapy.  A top down view of this setup can 
be seen in Figure 1b.  As the left monocular stimulus is 
shifted horizontally towards the center of the computer 
screen and the right monocular stimulus is shifted 
horizontally towards the center of the computer screen, both 
the left and right eyes need to turn slightly inwards resulting 
in an increased convergence angle.    

Decreasing separation between the images increases the 
target (or specified) convergence angle.  Similarly, 
increasing separation between images decreases the 
convergence angle.  The hidden geometry contained in the 
random dot stereograms is only visible if the eyes are 
correctly aligned providing a built in check on the player's 
vergence.  If the player correctly identifies a power pellet 
(by pressing the spacebar when they are in the vicinity of the 
power pellet) they must be fusing the images correctly and 
therefore attaining the target level of vergence.  At this point 
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the separation of the images is reduced to increase the 
vergence demand of the player.  When the player incorrectly 
identifies a power pellet in the random dot stereogram (i.e. 
guesses) the separation of the images is increased to lower 
the vergence demand of the player.  This process continues 
for the duration of the player's therapy. A player cannot 
advance in the game without using both eyes as the power 
pellets which must be collected are presented only in the 
random dot stereograms. Furthermore, the regular pellets are 
randomly distributed so that approximately half are present 
in each eye's image, which promotes use of both eyes.  

C. Game Objectives 
1) Motivation: The exercises are tied to the actual 

gameplay, essentially masking their presence.  Success in 
the game correlates with successful vision therapy.  This 
activity is intrinsically engaging. The game makes use of 
principles of operant conditioning to motivate the player: 
positive punishment, positive reinforcement, negative 
punishment and negative reinforcement [29], [30].  For 
example, positive reinforcement and negative punishment 
are employed in relation to the player's score.  Whenever the 
player collects regular pellets, power pellets, and eats ghosts 
their score increases (positive reinforcement).  Whenever the 
player makes an incorrect guess at the location of a power 
pellet or is eaten by a ghost their score decreases (negative 
punishment).  More weight was given to the actions that are 
important to the player's therapy, namely, collecting power 
pellets and the related act of eating ghosts.  Less weight was 
given to the other actions mentioned as they are purely 

related to the game of Pac-Man. The maze game genre was 
chosen because it appeals to a wide variety of individuals.  It 
appeals to young adults yet does not contain any themes that 
would be considered unsuitable for children.  This genre has 
a lot of replay value and does not have an “ending”, which is 
important since therapy typically lasts several weeks. 

Since individuals have different skills, abilities, and 
experience, several difficulty levels were implemented.  
These difficulty levels only affect the game play and do not 

affect the difficulty of the training (which is set by the 
clinician).  There is no “game over” screen as one of our 
goals is to have each training session last a specified period 
of time.  

2) Low Cost: The most effective form of vision therapy 
(office-based) is costly since it requires a trained eye care 
professional in order to administer the therapy to the patient.  
The computer game based vision therapy was designed to be 
performed at home while providing the control and range of 
exercises typical of office-based therapy. As such it will be 
much more economical as it only requires the patient to 
possess or purchase a low cost computer system.  In 
addition, patients will not have to take time away from work 
or school and can perform their therapy at home at their 
convenience. 

The game is based upon core graphics functionality and 
requires very little video memory.  The three dimensional 
models created for the game were optimized for speed and 
all 3D accelerated graphics cards released during or after 
1998 support the graphics library and features used by the 
game.   For maximum compatibility the game only relies on 
functionality from OpenGL version 1.1, which comes 
preinstalled on Windows 98 and later Windows versions.   
This covers the vast majority of home PC's sold in the last 
decade.  Additionally, the software can be easily ported to 
other operating systems.   

3) Objective Feedback: Traditional vision therapy 
requires individuals to visit their eye care practitioner 
several times in order to determine if there has been any 
improvement in their condition.  Additionally, compliance 

rates for home-based approaches rely on subjective feedback 
from the patient.  The use of random dot stereograms in the 
computer game approach makes it possible to objectively 
track the progress that the patient is making in their therapy.  
The software is able to verify that the player is actually 
fusing via their performance in the game. 

Furthermore, extensive statistical and logging data are 
recorded making objective measures of compliance and 
progress for this new form of home therapy possible.  

 
a) A screenshot              (b) Fusional vergence training using the mirror stereoscope 

 
Fig. 1.  Stereo Pacman 
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Throughout the game, detailed information on convergence 
levels presented and achieved as well as other parameters 
related to therapy or game play are recorded and time 
stamped which makes it possible to determine compliance 
rates objectively.   Hence, the use of a video game automates 
the tracking of therapy progress and the scheduling of the 
therapy.  In sum, gaming therapy has the potential to provide 
economical home-based therapy with the benefits of office-
based therapy, and improved objective evaluation of 
compliance and efficacy. 

III. EXPERIMENTAL RESULTS AND EVALUATION 
An experiment was performed to determine if home-based 

vision therapy incorporated in a computer game would be 
effective in treating convergence insufficiency and to 
determine if this new delivery paradigm is motivating and 
therefore resulting in high levels of compliance.  If 
successful, this study would form the basis for developing a 
full-scale comparative clinical trial. 

A. Method 
The experiment was performed at the School of 

Optometry, University of Waterloo.  All subjects included in 
the study gave their informed written consent.  The research 
was approved by the Office of Research Ethics at the 
University of Waterloo and York University. Subjects were 
given a two-week training protocol to perform in their own 
home and were assessed at the clinic before the 
commencement of the training and following each week of 
training. Two subjects completed an additional 10 training 
sessions and additional assessments since adjustments to 
their training protocol were required (see below).  

1) Subjects: Seven subjects (ages 11–34) participated in 
the study.  Four of the subjects had a range of symptoms 
including double vision, eye strain, fatigue, headache, loss of 
concentration and difficulty with reading during near work.  
Three were asymptomatic but diagnosed with CI based on 
the clinical signs discussed below.  

2) Vision Training Procedure: Subjects who were eligible 
for the study were first asked to complete a background 
questionnaire where they indicated the symptoms that they 
were currently experiencing.  Following this, they were 
given a demonstration of how to play the game of Stereo 
Pac-Man.  The subjects then took home one of the boxed 
custom mirror stereoscopes and were asked to play Stereo 
Pac-Man for 20 minutes a day, 5 days a week, for a 2 week 
period.  In addition, subjects were asked to keep a log of 
their training times.  A set of assembly instructions for the 
stereoscope, a copy of the Stereo Pac-Man game (on a USB 
thumb drive), and an explanation of how to configure the 
game were included within the stereoscope box.   To play 
the game, patients assembled the stereoscope on their home 
monitor, placed the thumb drive into a free USB slot, and 
ran the single executable in the root directory of the thumb 
drive.   

3) Clinical Assessment: Subjects were assessed prior to 

treatment, after the first week of treatment, and at the 
conclusion of their treatment.  We defined CI as the presence 
of the three most common signs of the condition with or 
without accompanying symptoms.  These signs were a large 
(or 'receded') near point of convergence (NPC), reduced 
positive fusional vergence (PFV) at near, and an exophoria 
at near with thresholds set based on clinical norms.  Four 
clinically relevant metrics were obtained. The NPC break is 
a measure of how close a target can be brought toward the 
subjects face before it becomes double (diplopic). PFV is a 
measure of our ability to converge our eyes in order to 
maintain clear, single binocular vision.  Exophoria is a 
horizontal outward deviation of the eyes when one is 
covered and is typically larger at near distances in patients 
with CI.  Exophoria and PFV are usually measured with 
prisms and the deviations are expressed in units of prism 
diopters (∆), where each prism-diopter corresponds to a one 
centimeter deviation at a distance of one meter [18].  When 
the eye looks from a far to a near object it must change 
focus, or accommodate.  This accommodation is 
accompanied by a change of vergence even when only one 
eye views.  The ratio of the amount of accommodative 
convergence that accompanies a change in accommodation 
is the AC/A ratio [18].  Although the AC/A ratio is not one 
of our diagnosis criteria it is known to be low in most 
individuals with CI and was therefore measured at each 
assessment [31].   

4) Subjective Feedback: At the conclusion of treatment 
subjects were asked to complete a feedback questionnaire 
regarding their thoughts on this new form of home-based 
vision therapy.  Questions related to possible benefits 
perceived by the subjects, the ease of use of the system, and 
the enjoyment or amusement provided by the game were 
rated on a scale of 1–5.  

B. Results and Analysis 
We discovered that the vergence demand provided by the 

stereoscope was not sufficient for the first two subjects 
partway through their training.  They were both able to 
easily reach the maximum convergence angle available so 
we increased the vergence demand and asked these two 
subjects to complete ten more training sessions using the 
modified stereoscope (resulting in 2 more assessments). 

Figures 2a and 2b represent the average convergence 
angle and maximum convergence angle attained by the 
subjects for each session, respectively.  Paired t-tests were 
performed to determine if the improvements in the average 
and maximum convergence angles were significant. The 
mean difference in the average convergence angle from the 
first to last session was 4.68 ∆, with a 95% confidence 
interval from -1.16 to 10.53 ∆.  This improvement was 
statistically significant, t(6)=1.96, one-tailed p = 4.89 ×10-2.  
There was a significant positive correlation between session 
number and average convergence angle (r = 0.96, p = 9.66 × 
10-9).  The mean difference in the maximum convergence 
angle from the first to last session was 5.01 ∆, with a 95% 
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confidence interval from -1.47 to 11.49 ∆.  This difference 
was not statistically significant, t(6)=1.89, one-tailed p = 
5.38 × 10-2.  There was a significant positive correlation 
between session number and maximum convergence angle (r 
= 0.94,  p = 1.57 × 10-7).  

 Figures 3a and 3b represent the average change in the 
clinical signs of NPC break and PFV break at near 
experienced by subjects at each assessment, respectively.  
As mentioned previously, the first assessment occurred prior 
to any training and the final assessment at the conclusion of 
the training.  Paired t-tests were performed to determine if 
the improvements in the NPC break and PFV break at near 
were significant.  The mean difference in the NPC break 
from the first to last session was -5.82 cm, with a 95% 
confidence interval from -10.69 to -0.95 cm.  This 
improvement was statistically significant, t(6)=2.93, one-
tailed p = 1.32 × 10-2.  The mean difference in the PFV break 
at near from the first to last session was 12.71 ∆ base out 
(BO), with a 95% confidence interval from 3.63 to 21.80 ∆ 
BO.  This improvement was statistically significant, 
t(6)=3.42, one-tailed p = 7.05 × 10-3.  All seven subjects 
showed an NPC break improvement trend, six of the seven 
subjects showed a PFV break at near improvement trend, 
four of the seven subjects showed an AC/A ratio 
improvement trend, and three of the seven subjects showed a 
near exophoria improvement trend.   

At the conclusion of the study, three subjects possessed 
what is considered a normal NPC break, all seven subjects 
possessed a normal or better than normal PFV break at near, 
and three subjects possessed a normal exophoria at near.  
Additionally, all four of the symptomatic subjects 
experienced a reduction in eye strain with two of these 
subjects experiencing a complete elimination of their 
symptoms.  With the exception of two subject's near 
exophoria, all changes were improvements.  

The effectiveness of the therapy is linked to how well 
subjects perform in the game.  When they correctly identify 
a power pellet the vergence demand is increased.  When they 

incorrectly identify a power pellet the vergence demand is 
decreased.  The overall high identification percentage for the 
power pellets (87.0 ± 20.5 %) by all subjects shows that they 
correctly converged on the target stimuli of the game. 
Ideally, it should take subjects only a few sessions to 
become accustomed to the game and reach a near perfect 
identification percentage. The correct identification 
percentage for each patient increased over the number of 
sessions indicating that they were progressing in both the 
game and their therapy.  There was a significant positive 
correlation between session number and correct power pellet 
determinations (r = 0.92, p = 9.62 × 10-7) and also with other 
measures of performance in the game.  

Improved performance in the game meant an overall 
increase in the vergence demand of their training leading to 
better results.  The improvements in the subjects clinical 
signs increased as well, with larger improvements occurring 
during later assessments.  The fact that the majority of 
changes were improvements is promising considering the 
power of the sample. 

In terms of compliance, all subjects retained a log of their 
time spent training.  Each subject indicated that exactly 20 
minutes were spent training during each of their sessions and 
the time stamped log files confirmed that this was true on 
average  (20.68 ± 3.69 minutes).  Six of the subjects 
maintained the training schedule of five days per week, 

while one subject was more inconsistent (at one point, 
missing upwards of five days).  Nevertheless, this subject 
showed the most improvement. 

Analysis of the questionnaire responses indicated that all 
subjects found the training easy to understand and perform, 
highly motivating, and amusing.  Six of the seven subjects 
felt that their eye coordination had improved.  Four subjects 
felt less eye strain when looking at near objects and five 
subjects felt that they benefited from the exercises. 

C. Discussion  
The initial results are promising as they show an 

 
a) Average                         (b) Maximum 

 
Fig. 2.  Average and maximum convergence angle per session 
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improvement in the clinical signs used to diagnose CI.  
Additionally, the AC/A ratio, which was not one of the 
inclusion criteria, also increased in four of the seven 
subjects.  Four of the seven participants had improved 
symptoms. The other three were asymptomatic to begin 
with, explaining their lack of improvement in symptoms. 
Nonetheless, they did show improvement in all three clinical 
signs.  Compliance is a serious issue with all forms of 
therapy.  All subjects misjudged the amount of time they 
spent training (both above and below), but the average time 
they spent training was approximately the required 20 
minutes.  In future versions of the game, the length of the 
training could be set programmatically.  However, this is no 
guarantee that players will physically play the game for the 
entire 20 minutes.  It was postulated that the use of a video 
game would result in improved motivation and compliance.  
The outcome questionnaire results indicate that this was the 
case as all seven subjects found the therapy to be motivating 
and amusing.      

Each subject was still making progress in their therapy at 
the conclusion of their treatment.  This leads one to believe 
that a longer treatment time, allowing for more learning time 
with the game and how it is played, could have led to better 
results.  This is especially true for the subject with the 
inconsistent training regimen, who had the longest learning 
curve with respect to correctly identifying power pellets, 
resulting in a delay of their training since they attained a 

very low vergence demand during approximately their first 
five sessions.  In a retrospective CI home-based vision 
therapy study by Daum [32], it was indicated that it took 4.3 
± 4.1 weeks for subjects to show at least some signs of 
improvement with their condition.  Therefore, more 
treatment time could have resulted in better outcomes.  
Following the initial pilot study, the goal was to compare 
computer game vision therapy to pencil pushup therapy, 
which is the most commonly prescribed home treatment for 
CI.  This has not yet been possible. The experiment is still 
ongoing and will eventually include conventional therapy 

controlled trials.   

IV. CONCLUSION 
The system presented is a home-based method of vision 

therapy.  The game has very low system requirements and is 
capable of running on a wide range of hardware.  This 
means that, in developed countries, the majority of patients 
will not need to purchase any additional equipment in order 
to play the game.  In addition, custom mirror stereoscopes 
can be loaned to the patient and are cheaper than current 
commercial alternatives.  

Success in the game relates to successful vision training.  
Currently, an eye care professional must perform a series of 
tests on their patient in order to determine how much their 
condition has improved through training.  The game is 
designed to keep track of how well the patient is doing in 
their therapy and this data can be used by therapists to adjust 
their patients training regimen.  An online version of the 
game, or email, could be used to avoid multiple clinic visits. 

Computer-game based therapy offers great promise.  
Successful vision therapy for convergence insufficiency 
patients reduces the frequency of their headaches, focusing 
difficulties, eyestrain, and double vision when performing 
near work or reading.  This improves their performance at 
work and/or school as well as increases their overall quality 
of life [16]. 
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