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MGSA-Type Computer-Generated Holography for
Vision Training With Head-Mounted Display

Qing-Long Deng, Bor-Shyh Lin, Hsuan T. Chang, Senior Member, IEEE, Guan-Syun Huang, and Chien-Yue Chen

Abstract—A computer-generated holography head-mounted
display (HMD) for vision training is proposed in this study. Based
on modified Gerchberg–Saxton algorithm (MGSA) to calculate
the phase distribution of light wave and the position multiplexing,
the images with fixation disparity or changed disparity are suc-
cessfully coded as phase only function. After decryption and
reconstruction, the left and the right images are transmitted to
HMD for a trainee viewing the images with disparity changes
and moderating the stereoacuity of both eyes, ranging from 32.24
arcsec to 2.14 arcmin. The images reconstructed with MGSA-type
CGH present the relative diffraction efficiency about 86% and
visibility 94%, which not only provide high-contrast image quality,
and the changing disparity allows achieving the training effect.

Index Terms—Computer-generated holography, head-mounted
display (HMD), stereo vision.

I. INTRODUCTION

A CCOMMODATIVE convergence is an oculomotor cue of
human vision. It describes that the ciliary muscle presents

the focus function by adjusting the dioptre of crystalline lens and
elicits the extraocular muscle for eye vergence when viewing an
object. After completing the synkinesis of accommodation and
convergence, the disparity of the target is acquired for the brain
identifying the cues in depth [1]. The tension of ciliary muscle
would decrease with the age increase and the flexibility of crys-
talline lens gets hardened so that the eyes could not clearly focus
on the retinal when viewing close objects. Although the ver-
gence strength of eyes could increase, the insufficient accom-
modation could still cause presbyopia [2].
Presently, femtosecond laser is used for changing the cornea

curvature to increase the focus on close objects [3]; in recent
years, vision trainings are applied to training eye muscles and
reinforce the connection between the ciliary muscle and nerves.
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Fig. 1. MGSA computing flow chart.

Although it would spend longer time for improvement, it could
avoid relevant medical risks; besides, trainings in pre-presby-
opia could make more effective improvement [4]–[6]. General
vision trainings have the trainees view the left and the right pic-
ture cards with distinct distances and try to cross fuse the two
images with focus as cyclopean vision [7]. Nonetheless, it might
be difficult for the trainees recognizing the images with low con-
trast and blurred characterized images.
For this reason, an applied computer generated holography

based on the modified Gerchberg–Saxton algorithm [8] to cal-
culate the phase distribution of light wave and position mul-
tiplexing is proposed in this study. The parallax content of a
stereoscopic image is keyed in the head-mounted display for
vision training. In this study, MGSA-type CGH is utilized for
calculating the image contents of fixation disparity and changed
disparity so that the trainees could train the modulation of cil-
iary muscle and the convergence through fixation disparity and
changed disparity, respectively.

II. METHODS

A. Principle of Modified Gerchberg-Saxton Algorithm (MGSA)
The modified Gerchberg–Saxton algorithm (MGSA) is uti-

lized in this study for rapidly calculating the complete phase
wave function, where Fresnel transform (FrT) (1) is used for
repeatedly iterating the phase between objects to modify the
phase difference [8], [9]. Different from traditional Gerch-
berg–Saxton algorithm [10], it could enhance the computing
speed. The MGSA flow chart is shown in Fig. 1.
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Fig. 2. MGSA-type CGH coding and decryption.

First, two random phase functions and
are input, and then the initially set amplitude and

step phase function and
are multiplied by Fresnel transform. The amplitude
and and phases and are
then acquired. The original images and
and the update phase and
are proceeded inverse Fresnel transform. The loop steps are
repeated till the estimated images and
close to the thresholds of the originally input images
and . The coded map with same phase and amplitude
as the original images is then completed, called phase only
function (POF). Equations (2) and (3) show the image Fresnel
diffraction transforming to MGSA equation and the relevant
coefficients

(1)

where is the wavelength of incident light, is the
coordinate of original image, is the diffraction
imaging coordinate of original image plane through FrT, is
the distance between the original image plane and the diffrac-
tion imaging plane, is the spatial frequency in x-direction,
and is the spatial frequency in z-direction

(2)

(3)

B. Spatial Phase Modulation and Synthesis

Fig. 2 shows the coding and decryption of MGSA-type CGH.
After MGSA spectral conversion, the left and the right images
merely present POF with amplitude and phase, where each pixel

Fig. 3. Modulation diagram of spatial phase.

stands for the grating interfered by each object light and the ref-
erence light and the original image data are decrypted. Nonethe-
less, the multicomplexing algorithm in spatial phase modulation
(4) is applied to recording the image information in the same
POF, as shown in Fig. 3.
The light gray areas in the figure are the originally coded POF.

After spatial phase modulation, the diffraction spatial distribu-
tion is changed to transform the target image to different space
locations (dark gray areas) and complete position multiplexing
distribution (where the modulation of left image is shown by
(5) and (6); the modulation of right image is shown by (7) and
(8)). When POF is decrypted through photo-reconstruction, all
interference fields generated from grating are iterated so that the
amplitude and phase of each pixel are modulated the light inten-
sity and direction for reconstructing the original image content

(4)

(5)

(6)

(7)

(8)

where and are the summed am-
plitude and phase synthesis of output signals, and

are the reconstructed images in the diffraction space,
and are the offset distance in direction, and are

the offset distance in direction, and
are the phase items of images reconstructed by phase signals

and , which are modulated from the ini-
tial phase, through Fresnel transform.

C. Binocular Stereogram

In the binocular stereogram, the disparity determines the
synkines is of accommodation and convergence, accommoda-
tive convergence (AC) could be induced by fixation disparity,
and convergence accommodation (CA) is induced by changed
disparity.
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Fig. 4. (a). Diagram of binocular vision with fixation disparity. ( is the dis-
tance between large pattern, is the distance between small pattern, is the
stereoacuity). (b). Diagram of binocular vision with changed disparity. ( is the
distance from the fixed image plane to the visual point, is the stereoacuity of
the small disparity pattern [solid line), is the stereoacuity of the large dis-
parity pattern (dotted line).]

Fixation disparity is defined as the characterized imagewhose
left and right sizes are different but present same disparity, as
shown in Fig. 4(a). In the figure, when the characterized image
with fixation disparity is located on the fixed image plane, it
is regarded as the image projected from different distances. In
other words, when both eyes viewing the left and the right im-
ages with the same disparity, the perception disorder is caused
by the distinct sizes. The ciliary muscle therefore appears in-
direct accommodation because of monocular cues to complete
fusional convergence [11], [12].
On the contrary, Fig. 4(b) shows the changed disparity which

is defined as the left and the right characterized images with the
same size but changeable disparity. It aims to change the eyes’
vergence through the characterized image with distinct disparity
for inducing the accommodation change.
As a result, the above MGSA-type CGH is applied to coding

image contents with fixation disparity and changed disparity for
vision trainings.

III. EXPERIMENT AND ANALYSIS

Fig. 5 illustrates a prototype of MGSA-type CGH system
with head-mounted display (HMD) for vision trainings. First,
the DPSS laser (532 nm) is used for decrypting the coherence
of light, which is adjusted to proper intensity with neutral
density filters and then injected to the spatial light modulation

Fig. 5. Diagram of prototype MGSA-type CGH system with HMD. ( repre-
sents lens, NDF represents neutral density filters, SF represents spatial filter, P
represents pinhole, M represents mirror, CPL represents circular polarizer lens,
spatial light modulator is denoted SLM, and the HMD is labeled HMD.)

Fig. 6. Stereo image pair with the changed disparity.

(WUXGA, 8.1 m, HOLOEYE) through the collimating lens.
SLM records POF with fixation disparity or changed disparity
coded by MGSA. After the decryption, the image reconstructed
by diffraction light is projected to CCD and transmitted to
the head-mounted display for the trainee proceeding vision
trainings through HMD. Fig. 6 shows a changed disparity
image which is transmitted to HMD after the decryption. With
cyclopean vision [7], the stereo image in the figure would
extrude the screen when the dot viewed by both eyes would be
convergent to a point.

A. Analysis of Reconstruction Image
In addition to calculating the image contents with fixation

disparity and changed disparity by MGSA, each pixel is multi-
plied by random number phase when being computed and pro-
ceeded Fresnel transform to improve the noise caused by am-
plified low-frequency signals during spectral matrix computa-
tion for maintaining the reconstructed image quality after the
decryption.
To effectively acquire the image quality of POF after the de-

cryption, a computer computation is first utilized for evaluating
the decrypted image with the following methods from (9) to
(11). 1) The relative diffraction efficiency is defined as the in-
tensity proportion of the zeroth-order diffraction light in the in-
cident light in the signal area. 2) The root mean square error
(RMSE) is defined as the difference between the original image
and the reconstructed image of each pixel. 3) The signal-to-
noise ratio (SNR) is defined as the ratio of signal power and
noise power. 4) The computation average time is the computa-
tion speed for coding POF. The decrypted image is further an-
alyzed, where visibility [13] and speckle [14] are also analyzed
by using (12) and (13), the results are shown in Table I.
From the table, both the images decrypted by computer com-

putation or reconstructing light appear RMSE lower than 0.05,
showing that POF coded by MGSA could acquire the content as
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TABLE I
SIMULATION AND ANALYSES OF RECONSTRUCTED IMAGES

the original image after the decryption. Moreover, in regard to
the evaluation of diffraction efficiency, the decryption efficiency
( 85%) is slightly lower than the result of computer computa-
tion ( 95%), but the image intensity can be accepted by human
eyes.
What is more, the reconstructed left and right images reveal

the visibility 94.07% and 94.46%, respectively, showing the
characteristic line of the decrypted image with favorable con-
trast, that the content could be clearly presented. Besides, the
SNRs appear 8.44 dB and 7.94 dB, and the speckle is 20.23%
after the random number phase multiplication that the noise
disturbance has been reduced about a half, compared to tradi-
tional CGH [15]. Moreover, the computation average time is
60.28 s, revealing that the same or better image quality could be
achieved by faster computation speed and less number of itera-
tion times, compared to general holographic projection systems
[15]–[17]

(9)

(10)

(11)

(12)

(13)

B. Analysis of Stereogram

HMD in Fig. 5 is composed of two liquid crystal displays,
with the virtual distance 2 m and the transverse magnification
12 times. A trainee receives two different reconstructed images
(fixation disparity image or changed disparity image) and both
eyes maintain accommodation to the LCD screen. Meanwhile,
the physiological mechanism of extraocular muscle is induced
for both eyes proceeding vergence.When the viewed image fea-
tures are completed fusion, the stereoscopic depth of the image
(crossed parallax or uncrossed parallax) is further judged [7], as
shown in Fig. 7.
The SLM resolution is 1920 pixel 1200 pixel that the

disparity appears 7.78 mm after coding the fixation disparity

Fig. 7. Images with different disparity changes: (a) fixation disparity image 1;
(b) fixation disparity image 2; (c) changed disparity image 1; and (d) changed
disparity image 2.

image with MGSA, and the disparity of the reconstructed image
on HMD shows 93.31 mm [see Fig. 7(a)]. In this case, when
viewing the images through HMD, the stereoacuity of crossed
parallax caused by fusion appears 1.33 arcmin (uncrossed
parallax is 1.27 arcmin). Furthermore, the disparity of the
reconstructed images in Fig. 7(b) is the same as it in Fig. 7(a),
but illusion (the relationship between size and distance) would
appear because of monocular cues that the brain would judge
the image being farther. As a result, the accommodation would
be indirectly changed to increase the stereoacuity.
In the changed disparity style, the decoded and reconstructed

images show the same size of 38.88 mm 38.88 mm, and the
disparity changes from 38.88 mm to 147.74 mm, as shown in
Fig. 7(c) and 7(d). The stereoacuity in crossed parallax therefore
changes from 32.91 arcsec to 2.14 arcmin, and the stereoacuity
changes from 32.24 arcsec to 1.99 arcmin in uncrossed parallax.
In this case, having a trainee view such images with two

different styles allows the accommodation and convergence of
eyes influencing each other for vision training. It even corre-
sponds to the maximal restriction of stereoacuity[18].
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IV. CONCLUSION

The MGSA is used for the computer generated hologram
coding of fixation disparity image or changed disparity image
and the left and the right reconstructed image information is
displayed on HMD. Such a method allows a trainee viewing
the images with two different disparities through HMD and
further changing the synkinesis of accommodation and conver-
gence (the stereoacuity appears 32.24 arcsec to 2.14 arcmin)
for effectively training ciliary muscle and extraocular muscle.
Besides, the reconstructed images show the relative diffraction
efficiency about 86% and visibility 94%. In comparison with
traditional 2D cards, the images reconstructed by MGSA-type
CGH present high contrast, high resolution, and changeable
disparity that they could enhance the training effect and avoid
crosstalk between the left and the right images.
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