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ABSTRACT
The backward-compatible stereoscopic display is a technol-

ogy that a stereoscopic view is perceived with 3D glasses

while a 2D version of the 3D image is concurrently available

for naked-eye viewers on the same physical display medi-

um. This unique functionality is achieved by an informa-

tion display technology Temporal Psychovisual Modulation

(TPVM), an interesting interplay between high refresh rate

optoelectronic display, signal processing and psychophysics.

However, the current performance of the system is not satis-

factory, and it is a trade-off keeping simultaneously the best

performance of the 3D view and the 2D view. The global

quality of 3D scene and 2D scene plays a great important im-

pact on user’s quality-of-experience. In this paper, we are the

first to put forward the concept of global quality, including t-

wo components: the quality of 3D view and 2D view. Then

we have constructed the display system prototype and first

proposed quality assessment criteria to evaluate the quality

of both 3D scene and 2D scene, towards as guidance to im-

prove their performances. We conduct subjective experiments

to figure out when the system runs the best under the criteri-

a. Experimental results demonstrate that we can effectively

calculate the optimal quality of this system using the quality

assessment criteria.

Index Terms— Temporal psychovisual modulation, 3-

dimensional, display technique, quality assessment criteria,

backward-compatible stereoscopic display, global quality.

1. INTRODUCTION

With the rapid development of information display technol-

ogy, the emerging three-dimensional (3D) stereoscopic dis-

plays have enriched and benefited our daily life. Especially

in recent years stereoscopic displays have earned mass mar-

ket acceptance with applications in movie industry, entertain-

ment and engineering visualization. In general, stereoscopic

displays are usually divided into two types: the ones requir-

ing the use of 3D glasses [1] and the others free of glass-

es [2]. The naked-eye stereoscopic displays are also called au-

tostereoscopic displays, and it can be divided into two subcat-

egories namely those coupled with passive polarization glass-

es and those coupled with active shutter glasses. Current-

ly the most popular 3D display paradigm shows the stereo-

scopic image pairs for the viewers’ left and right eyes on the

same display medium, whose working mechanism is temporal

multiplexing. In other words, the stereo frames in the time-

sequential stereoscopic displays are perceived by human eyes

using a high refresh rate display and a pair of synchronized

3D shutter glasses. The 3D shutter glasses can pass images to

the correct eye when synchronized with the display at 120Hz

refresh rate. Viewers who are not wearing the shutter glass-

es will see both images superimposed, creating a “ghosted”

double view where two copies of objects appear overlayed.

At the same time, the autostereoscopic displays implement-

ed by the spatial multiplexing suffers from the reduced spa-

tial resolution. However, compared with the autostereoscopic

displays, the time-sequential stereoscopic display has much

less restrictive of viewing angles and distances [3] and lower

inter-channel crosstalk since the left-eye and right-eye signals

are separated.

It is not always desirable to require all the viewers to wear

stereo glasses when they view 3D videos. For some viewer-

s long duration of 3D viewing may cause visual fatigue or

other side effects [4]. It would be preferable to allow those

not wearing stereo glasses to see a single and unghosted im-

age. An early attempt to address this problem is [5]: Didyk

et al. referred to the problem as “backward compatible stere-

o”, where a clean 2D image is derived by reducing the dis-

parity between objects in the left and right images to a min-

imal threshold at the cost of a quality degradation of the 3D

view. In this way, the 2D composite image which has smaller

disparities is more acceptable to viewers nor wearing stere-

o glasses, but a ghost image remains. Recently the novel

backward-compatible stereoscopic display technology based

on TPVM proposed by Wu and Zhai [6] [7] has made it a real-

ity, which aims to exhibit a 3D image and a 2D version of the

3D image simultaneously on the same physical display medi-

um. Moreover, viewers with the 3D active shutter glasses can
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perceive the 3D image and with naked-eye concurrently see a

clear and unghosted 2D image instead of a double and ghost-

ing image. It provides the compatibility with the traditional

3D video signal as well as an optional 2D choice for viewers

who feel uncomfortable with 3D experiences.

However, the most fatal flaw of the system is that the

2D view suffers from ghosting artifacts because of the sim-

ple blending of the time-sequential displayed frames. What is

more, as the left-eye and right-eye images are of equal bright-

ness in this system, it results in low contrast for naked-eye

viewers. In order to improve the performance of 2D view,

the system has allowed left-eye image more brightness than

right-eye image, leading to reducing the 3D depth perception

to some extent. Therefore, it is a trade-off between the quality

of 2D view and 3D view. Since the performance of 3D scene

and 2D scene has a great important impact on user’s quality-

of-experience, we aim to establish an assessment criterion to

evaluate the quality of backward-compatible stereoscopic dis-

play system and for optimization like [8, 9].

The rest of this paper is organized as follows: In Section

2, we design a prototype for the backward-compatible stereo-

scopic display system. Section 3 describes the through user

study where we investigate the performance of 3D view and

2D view. The proposed quality assessment criteria is elabo-

rated in the Section 4. In Section 5, we present the associated

results and analyses on experiments. At last, the conclusion

is given in Section 6.

2. THE DISPLAY SYSTEM PROTOTYPE

In the backward-compatible stereoscopic display system, we

first give some definitions here. Y L and Y R denote the left-

eye view and right-eye view of a 3D scene. Meanwhile let Yl,

Yr and Yi be vectors of image pixels, which is containing all

the possible brightness. And let the functions MAX(·) find the

maximum brightness in the vector. We denote the maximum

possible brightness of YL as the maxL = MAX(YL), and sim-

ilarly define maxR. Let αR equal to maxR/maxL≤100%,

which means the brightness of the image YR relative to YL.

As shown in Fig. 1, the prototype for the backward-

compatible stereoscopic display system is made up of three

3D (120Hz) DLP projectors of the same type, a pair

of active shutter glasses, two polarizers, an IR emitter

and a polarization-preserving screen. In our system, the

NVIDIA R©3D VisionTM [10] on a single graphic card have

been adopted to sync and drive three displays as a “single

large surface” with the resolution of 3840 × 720. To real-

ize the “single large surface” , we have adopted the NVIDIA

GeForce GTX 690 graphics card in our system, which can

provide three synchronical DVI signals at any time. When

the graphics card connects the three projectors, we can adjust

the position of the displayed images projected by the three

projectors to make them overlap together completely.

In our concurrent 3D/2D display system, to generate the

Fig. 1. Backward-compatible stereoscopic display system.

3D view for the viewers wearing glasses, the first unpolarized

3D projector synced to LCD active shutter glasses is used to

display the left- and right-eye images at 120Hz refresh rate.

The second projector displays the third image YI , the inverse

of the right-eye image and is linearly polarized, to cancel out

the left-eye image. The LCD glasses contain an orthogonal

linear polarizer that blocks the image YI from the second pro-

jector. The third projector is applied as a brightness compen-

sation to improve the contrast ratio and quality of the synthe-

sized 2D scene. In this concurrent 3D/2D display system, on

one hand, when the viewers view the stereo images with the

3D glasses, the perceived 3D visual depth varies with the rel-

ative brightness between YR and YL,that is, αR. On the other

hand, when the viewers view the 2D scene not wearing glass-

es, the quality of the composite 2D view also varies with the

αR because it would lead to the degradation of the contrast

and brightness. Generally, the smaller of the αR, the better of

the 2D view’s quality.

3. STUDY OF USER’S EXPERIENCE

Compared with the traditional 3D display system, the concur-

rent 3D/2D display system provides an additional clean and

unghosted 2D view, and meanwhile the brightness disparity

of left-eye and right-eye images reduces the 3D visual per-

ception. What is more, since only the αR is adjustable in this

system, the quality of the 3D and 2D views increases or de-

creases depending on the choice of αR. In order to estimate

our system’s viability, we have conducted subjective quali-

ty assessment experiments, where 16 inexperienced subjects

were invited to see the test images at a viewing distance of 1.5

meter to the screen [11].

3.1. User Study on 2D View

The first experiment aims to investigate at what level of con-

trast the viewers would perceive the ghosting artifacts in the

new synthesized 2D image and provide their subjective scores

with the help of 10-category discrete scale, which can make

the subjective values more distinguishable. In this experimen-
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Fig. 2. In the system, the relationship between MOS and αR

in each kind of image are shown for naked-eye viewers in

this figure. Each line in this figure stand for a kind of stereo

image, which including 110 images with different αR.

t, the αR, the brightness of the image YR relative to YL, was

allowed to be increased progressively from 0% to 100% by

10 equilong degrees. The 15 original 3D images in the side

by side format with different image complexity are chosen as

the test materials, which each stereo image generates 11 im-

ages with 11 different values of αR. Subjects were instructed

to respond and mark only when they felt their eyes had per-

ceived the interfering ghosting, typically answering immedi-

ately for αR near 0% and waiting about a minute for αR near

100%. As the partial adaptation to new light levels occurs im-

mediately, with additional adaptation over approximately 20

minutes [12]. We presented subjects with 165 3D images to-

tally at random in the concurrent 3D/2D display system. Each

subject viewed 15 test images at eleven values of αR (totally

165 images) in sequence, with n = 16 subjects participating

in each experiment. By observing the Fig. 2, experimental

results show at low values viewers uniformly perceive the n-

early best quality of the synthesized 2D image without any

ghosting. Only when the values of αR at very high up to 0.7

do viewers gradually find the objectionable ghosting. Mean-

while the contrast ratio of the composed 2D image go through

a severe reduction when the range of αR is from 0.7 to 1.

3.2. User Study on 3D view

In our concurrent 3D/2D display system, we display a brighter

image to 3D viewers’ left eyes than to their right eyes. How-

ever, stereoscopic vision is degraded when the images seen

by each eye become dissimilar [13]. Small brightness differ-

ences may be imperceptible, but an all-black right-eye image

obviously precludes stereoscopic vision. This experiment is

to quantify roughly depth perception when the αR varies with

the range from 100% to 0%. As similar to the previous exper-

iment, the test images were displayed in sequence according

to the value of αR from the 100% to 0%. All the subjects
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Fig. 3. The relationship between MOS and αR in each kind

of image are shown in this figure with 3D shutter glasses view

in the backward-compatible stereoscopic display system.

need to wear a pair of 120Hz active shutter glasses while test-

ing. The subjects were asked to respectively mark each image

based on the depth of 3D vision they perceived. As shown in

this Fig. 3, we can find the curve’s variation trend of the 3D

view is just opposite to that of the 2D view. For each group

images, the quality of the 3D vision becomes better with the

increasing of the αR from 0 to 1.

4. QUALITY ASSESSMENT CRITERIA

By observing the results of above subjective experiments, it

is surprising to find that these curvilinear shapes of 2D view

and 3D view are both similar to the curve of sigmoid func-

tion. In order to get the unified law of this display system in

mathematic, we can fit these experimental data with a stan-

dard sigmoid function.

We give some definitions here. The Q3d, Q2d and Qglo

denote the quality of 3D view, the quality of 2D view and the

global quality of the display system respectively. Therefore

Qglo contains two components: Q3d and Q2d. We would cal-

culate Q3d and Q2d respectively to get Qglo.

4.1. Formulation of the Display System

In the system, besides the αR plays the great impact on the

performance of the 3D view and 2D view, the number of 3D

viewers and 2D viewers also makes a difference to the global

performance of the 3D/2D sharing viewing system. We let M

and N be the number of 3D viewers and 2D viewers. It should

be noting that the weight of Q3d and Q2d are M/(M + N)
and N/(M +N) respectively. Since the shape and variation

trend of Q2d and Q3d are like the sigmoid function curve,

we can let Q2d equal to 2( 1
1+e−kαR

− 0.5) and Q3d equal

to −2( 1
1+e−p(αR−1) − 0.5). Then it can be formulated as the
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following equations:

Qglo =
M

M +N
Q3d +

N

M +N
Q2d (1)

=
2M

M +N
(

1

1 + e−kαR
− 0.5) +

−2N

M +N
(

1

1 + e−p(αR−1)
− 0.5)

where k and p are the parameters to be confirmed according

to the fitting results, M and N are respectively the number of

the 3D viewers and the 2D viewers. By observing the formu-

la, we can find the quality of the 3D and 2D views increases

or decreases only depending on the choice of αR. To get the

optimal performance of this system, we can calculate the so-

lution of equation (1). First we have proved the equation (1)

does not exist analytical solutions, the detailed verification

process is not mentioned here for the limited space. Here we

will estimate the αR by simulation in the following sections.

4.2. Parameter Estimation and Calculating the αR

Given the above quality assessment criteria model, we can es-

timate the parameters k and p based on the subjective experi-

mental data. To estimate parameters k and p in the equations

Q2d and Q3d, we need to solve the following problem:

min
k

N∑

i=1

‖Si −Q2d‖2F (2)

min
p

N∑

i=1

‖Si −Q3d‖2F (3)

where the Si is the Mean of Scores (MOS) of the subjective

experiment. i is the number of the subjects participating in

the test and here N equals to 16. In the equation (2), there

is only one parameter k to be confirmed since the Si has al-

ready been known. Therefore we can easily to estimate the

range of k which is from 4.405 to 5.025 with 95% confidence

bounds. As similar to the equation (2), the parameter p also

can be confirmed to the range from 4.626 to 5.125 with 95%

confidence bounds in equation (3). Then we can substitute the

concrete values of k and p into the equation (1), and get the

global quality of the display system Qglo:

Qglo =
2M

M +N
(

1

1 + e−4.715αR
− 0.5) +

−2N

M +N
(

1

1 + e−4.875(αR−1)
− 0.5) (4)

5. EXPERIMENTS AND DISCUSSIONS

In this session, we will make the simulation experiment to

verify our proposed quality assessment criteria. Without loss
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Fig. 4. The simulation of Q3D, Q2D and Qglo in the system.

of generality, we just take one kind of stereo image as an ex-

ample. Since we have got the MOS of each image in the sub-

jective test, we first fit the MOS data with the above equations

Q3d and Q2d. Then we give a concrete value to the number

of the 2D viewers and 3D viewers. Here we let M and N be

the 60 and 40 (We make the weight of M bigger than N.).

Therefore we can plot the Qglo in the above figure window.

As shown in Fig. 4, IM3d and IM2d describe the relation-

ship between the MOS and different αR in 3D view with 3D

shutter glasses and in 2D view without glasses. Simulation

Q3D and Q2D are respectively the fitted curves of the IM3d

and IM2d. Since the Qglo consists of Q3D and Q2D with d-

ifferent weights, we can achieve the optimal global quality of

this system where the two curves of Q3D and Q2D intersect.

Here when the αR reaches about 0.55, the global quality of

the display system achieves the optimum. When substituting

all the known parameters into the solution of equation (4), we

can get the accurate αR to optimize the system.

6. CONCLUSION

This paper has constructed a prototype for the backward-

compatible stereoscopic display system. We are the first to

propose the concept of global quality aiming at this system in

the quality assessment field. The quality assessment criteria is

proposed to evaluate the global quality of both 3D scene and

2D scene, towards as guidance to improve their performances.

Sufficient study on user’s quality-of-experience has been done

to assess the performance of the system. Experimental results

confirm that we can effectively calculate the optimal quality

of this system with the quality assessment criteria.
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