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Abstract

Three dimensional television (3DTV) and free viewpoint television (FTV) are believed to be the future

of television broadcasting that would bring a more life-like and visually immersive home entertainment

experience. These technologies will provide the users with the freedom to navigate through the scene and

choosing a desired viewpoint. A desired viewpoint video can be synthesized at the receiver side using

depth image-based rendering (DIBR). In this paper, we present a new method for objectively evaluating

the quality of stereoscopic 3D videos generated by DIBR. The quality of the synthesized 3D videos is

affected by errors or noise in the depth maps. To evaluate the distortions in DIBR-based 3D videos a

reference depth is needed for evaluation. In this paper, we show how to derive an ideal depth estimate

at each pixel value that would constitute a distortion-free rendered video. The ideal depth estimate will

then be used to derive three distortion measures to objectify the visual discomfort in the stereoscopic

videos. The three measures are defined as temporal outliers (TO), temporal inconsistencies (TI), and

spatial outliers (SO). The combination of the three measures will constitute a visual quality measure

for 3D DIBR-based videos, 3VQM. 3VQM can be both derived in a full-reference (FR-3VQM) and no-

reference (NR-3VQM) scenarios. Finally, the proposed measure will be verified and validated against a

fully conducted subjective evaluation and compared to 2D-based quality measures used in literature to

evaluate 3D video quality. The results show that our proposed measure is significantly accurate, coherent

and consistent with the subjective scores and outperforms the few 2D-based metrics proposed in literature.
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I. INTRODUCTION

In the last few years 3D videos have witnessed a significant surge in popularity. Many movies

nowadays are being recorded and/or presented in a stereoscopic 3D format. This trend is accompanied

with noticeable advances in stereoscopic and autostreoscopic display technologies for 3DTV and mobile

devices. For these reasons, it is widely believed that 3D video will overtake current high definition 2D

video as the future of multimedia broadcasting. In the future, 3D video experience will be more life-like

and visually immersive. This is also known as free-viewpoint TV (FTV) [1]. FTV users will have the

freedom to navigate through the scene to choose a different viewpoint. In current stereoscopic 3D video

systems, each individual viewpoint requires two videos corresponding to the left and right camera views.

Hence, to capture and broadcast an arbitrary viewpoints for 3D display in FTV an unrealistic number

of cameras will be required. It will also require extremely complex and efficient coding, and expensive

computing capabilities. In addition, advances in 3D display technologies require a flexibility in the number

of views (autostereoscopic displays) and the ability to resize each view to match the display resolution.

Consequently, the impractical volume of resources needed to capture sufficient number of views opens

the door for more innovative ways to generate a large number of views via interpolation between views

using view synthesis. Several techniques have been proposed in the literature for view synthesis [2].

Among these techniques, depth image-based rendering (DIBR) has drawn much attention for generating

views for FTV and 3D videos in both simply and efficiently [3]. In DIBR, two or more views for 3D

display can be generated from a single 2D image and a corresponding depth map using 3D wrapping [3].

Advantages in DIBR include but are not limited to bandwidth-efficiency, interactivity by synthesizing

virtual views from various view points, easy 2D to 3D switching, and computational and cost efficiency

hence less cameras are needed. Moreover, DIBR eliminates photometric asymmetries in between the

two views hence both of them are generated from the same original image. These advantages have lead

MPEG to issue a standard for coding DIBR format or MPEG-C part 3 [4]. The synthesized views in

DIBR are generated using 3D wrapping which first projects the pixels in the reference image back to the

world coordinates using explicit geometric information form the depth map and camera parameters, the

resulting pixels in the world coordinates are then projected back to the estimated virtual image coordinate

[5].

Holes appear when occluded areas in the reference image becomes visible in the virtual image. Holes

could also result from wrong or noisy depth values. As a result some image processing or hole-filling is

required to fill in these hole areas. In section III we will review view synthesis using DIBR. A DIBR-
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based 3DTV system processing chain (depicted in Fig. 1) is composed of six main components [3] [6]:(i)

3D video capturing and content generation;(ii) 3D content video coding; (iii) transmission;(iv) decoding

the received sequences;(v) generating virtual views; (vi) displaying the stereoscopic images on the screen.

Fig. 1. Block diagram of the DIBR-based 3DTV processing chain.

The perceived quality of the DIBR-based stereoscopic 3D videos is sensitive to every block in the

processing chain. The end user’s perceived quality will be affected by the following:

• accuracy of the estimated depth maps,

• quality of the 3D wrapping process in DIBR,

• quality of the hole-filling algorithm applied to cover the disoccluded areas in the generated frames,

• compression artifacts for the 2D video and depth map,

• transmission errors and streaming losses, and

• scaling and formatting algorithms in the 3D displays.

In this paper, we introduce an new objective visual quality measure for DIBR-based 3D videos:

3VQM: 3D Video Quality Measure. 3VQM estimates elements of the visual discomfort in DIBR

synthesized stereoscopic videos based on the ideal depth estimate. The ideal depth is a new concept that

we define as the per pixel depth that would generate a DIBR-based distortion-free 3D video. In this paper,

we will explain the ideal depth and show how to derive it in a full-reference and no-reference scenarios.

While 2D video quality is solely based on monocular cues in one view (texture, color, blur, blocking

artifacts ...), 3D video quality on the other hand is a combination of binocular and monocular cues.

The depth illusion in stereoscopic video is constructed by presenting the eye with two views with slight

horizontal disparity or binocular cues. Depth is also perceived through a number of monocular cues such

as lighting, shading, motion parallax, texture gradient, blur, relative sizes, and occlusion. The importance

of each one these cues for depth perception may vary depending on the scene. Visual discomfort occurs

whenever the depth through monocular cues mismatches or conflicts the depth through binocular cues.

Errors and artifacts introduced in the the processing pipeline of DIBR 3D videos (Fig. 1) could result
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in conflicts in the depth cues such as unmatched color objects, mismatches between the blur in different

depth planes and disparity, unmatched luminance and frame cancelation (near-edge cut-off for objects

with front depth). In addition, errors in depth map that could result from inaccurate estimation, numerical

rounding, or compression artifacts. These errors may lead to distortions in the relative pixel location and

in the magnitude of the pixels. The visual effect of these distortions on the synthesized view is spatially

noticeable around texture areas in the form of significant intensity changes and temporally noticeable

around flat regions in the form of flickering [7]. Visual discomfort may also arise from other factors such

as excessive disparities, fast changing disparities, and geometric distortions in stereoscopic 3D videos

[8].

In this paper the three distortions measures that will be introduced evaluate the temporal and spatial

variation of the depth errors for the depth values that would lead to inconsistencies between the left and

right view, fast changing disparities, and geometric distortions. These measures are the spatial outliers

(SO), temporal outliers (TO), and temporal inconsistencies (TI). We package all these distortion measures

into a new full-reference and no-reference visual quality measure for DIBR-based 3D videos: FR-3VQM

and NR-3VQM respectively. The proposed measures are evaluated against subjective scores and compared

against contemporary quality measurement techniques.

The rest of the paper is organized as follows. The related Work will be reviewed in Section II. View

synthesis using DIBR will be reviewed in Section III. Then the concept of ideal depth estimation will

be presented in Section IV. In Section V we will present the three distortion measures to measure visual

discomfort in stereoscopic videos. The combination of three measures constituting our vision-based quality

measure for 3D DIBR-based videos will be introduce in Section VI. Finally, the experimental results and

conclusion will be presented in Sections VII and VIII, respectively.

II. RELATED WORK

The most common technique to evaluate stereoscopic 3D videos is subjective evaluation. Research

efforts have been dedicated to evaluate parameters that would influence the subjective quality such as

display size, camera configuration, viewing distance and positioning [9]–[12]. These research efforts are

accompanied with standardization efforts for subjective evaluation by the International Telecommunication

Union (ITU) and the Video Quality Experts Group (VQEG). ITU has issued some recommendations for

subjective methods for assessment of stereoscopic 3DTV systems in Recommendations BT.500− 11 (in

2002) and P.910 (in 2008), but these recommendations are outdated and limited to picture and depth

quality. VQEG has been focusing on the subjective evaluation for cross talk in 3DTV systems and is
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currently working on a test plan for 3D quality assessment [13].

Objective quality assessment for stereoscopic 3D videos is a recent research topic and the existing

measures are relatively few. The majority of the current objective stereoscopic video quality metrics

methodologically can be categorized as an extension to existing 2D metrics [14]–[17]. These techniques

follow a simplistic approach by calculating the 2D quality measure of the left and the right image

separately and then finding the combination of the values that would best predict the 3D video quality.

These methods assume that the perceived depth distortions are less significant than the perceived color

distortions. In [18] the authors proposed using PSNR and SSIM for 3DTV video as a quality measure

for video plus depth content by measuring the quality of the virtual views that are rendered from the

distorted color and depth sequences. The undistorted reference sequence is obtained by rendering virtual

views from the original color and depth maps. Approaches based on 2D metrics have poor correlation

with perceived 3D video quality and have been proved to be non-robust [19]. Other works in the literature

include a no-reference measure based on evaluating the blockiness and disparity temporally, and then

finding the best combination of parameters using particle swam optimization [20]. No depth information

is considered in the aforementioned measure and it suffers from the same robustness and poor correlation

problem of 2D video quality-based techniques. Ozbek et al. [21] assumed that PSNR of the second view

is less important for 3D visual experience and the new measure was composed of weighted combination

of two PSNR values and a jerkiness measure for temporal artifacts. An objective metric for free-viewpoint

video production was proposed in [22]. The metric can be used as full-reference measure of fidelity of

aligning structural details in presence of approximate scene geometry of the 3D shapes.

While all the aforementioned techniques ignored the depth information, authors in [23] used a com-

bination of a depth-map error-based comparison function and 2D quality measure for colored images

to predict the 3D image quality. Similar approaches were adapted by the authors in [24] and [25]. The

addition of the depth information to the combination did not result in a significant improvement to

the prediction of the 3D video quality. This can be attributed to the fact that visual discomfort was not

considered in analyzing depth information. Among the most recent objective quality measures, a measure

based on disparity, disparity-gradient maps, and spatial image activity was proposed in [26]. Similarly, the

authors in [27] proposed a model for deriving overall quality of experience from image and depth quality.

Finally, a measure for visual fatigue was also proposed in [28] based on the distributions of horizontal,

vertical and angular pixel disparities. These measures considered the quality of synthesized 3D videos

using depth based rendering but not the multitude of variables that would result in visual discomfort.

Among these variables are excessive disparities, fast changing disparities, geometric distortions, temporal
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flickering and spatial noise in the form of depth cues inconsistency. In contrast, 3VQM is a quality measure

for synthesized stereoscopic videos generated by DIBR that takes these variables into consideration and

as a result 3VQM correlates well with subjective scores. The main component of 3VQM is the ideal

depth that is presented in section IV. First, we will review the view synthesis process using DIBR in the

following section.

III. VIEW SYNTHESIS

View synthesis using DIBR is composed of two main components: 3D wrapping and hole-filling (Fig. 1.

A. 3D Wrapping

In DIBR, virtual views are generated by first projecting the pixels in the reference image to the world

coordinates using depth map and camera information. The resulting pixels in the world coordinates are

then sampled in the 2D plane from a different viewpoint to obtain a DIBR estimated image. This process

is known as 3D wrapping [5].

B

 h  h

Fr Fv

Zc

Z

Cr Cv
X

Fig. 2. Depth image-based rendering (DIBR).

The setup of view synthesis using DIBR is illustrated in Fig. 2. Let Cr be the reference camera and

Cv be the virtual camera. The view corresponding to the virtual camera can be estimated from the view

of the reference camera as follows:

Xv = Xr + s
FvB

Z
+ h, (1)

where Xv is the horizontal coordinates vector of the virtual camera, and Xr is the horizontal coordinate

vector of the reference camera. Fr and Fv are the focal lengths of the reference and the virtual cameras,
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respectively. 1 B is the baseline distance that separates the two cameras and Zc is the convergence distance

of the two cameras. s = −1 when the estimated view is to the left and s = +1 when the estimated view

is to the right, Z is a vector of the depth values at pixel location (xr, yr), and h is the horizontal shift

in the camera axis. h can be estimated as follows:

h = −sFB
Zc

. (2)

B. Hole-Filling

Disocclusion occurs when occluded areas in the reference image become visible in the virtual image.

Dissocclusion is depicted in the the black regions in the examples shown in Fig. 3. The resulting pixels

in the disoccluded areas are also known as holes. Holes may also be caused by errors in depth map such

as bad pixels from stereo matching. Disocclusion removal or hole-filling is a challenging problem that

has received considerable research in recent years. Proposed hole-filling solutions include interpolation

after depth map smoothing, extrapolation, background mirroring [3], asymmetric smoothing [29], distance

dependent smoothing [30], edge-based smoothing [31], layered depth images (LDI) [32], and hierarchical

hole filling (HHF) [33]. For more information on hole-filling we refer the reader to [33].

(a) (b)

Fig. 3. Disocclusion: (a) Art before hole-filling (b) Aloe before hole-filling.

IV. IDEAL DEPTH ESTIMATION

Video quality assessment can be classified into a full-reference, reduced reference and no-reference

quality measures. In a 2D video full-reference scenario both the original video sequence from the sender

1Fr and Fv will be assumed to be equal to F for the rest of this paper.
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Fig. 4. In an DIBR based setting the depth is usually captured by an active sensor such as a time of flight(TOF) sensor by a

passive sensor such as stereo matching in a multi-camera setting.

side and the corresponding processed video sequence at the receiver side are available for evaluation. In

such cases, there is an implicit assumption that the original video sequence at the sender side is distortion

free. Similarly, in a full-reference quality assessment for DIBR-based stereoscopic 3D video (as shown

in Fig. 4) both captured color videos for stereoscopic views (captured color video view 1 and view

2 in Fig. 4) and one depth map (captured depth video for view 1 in Fig. 4) from the sender side

are available for evaluation. Given these videos, the quality of DIBR-based stereoscopic 3D could be

measured by evaluating one or more of the following:

1) the distortions in the synthesized color video at the receiver side (synthesized color video view

2 in Fig. 4) as compared to the corresponding view at the sender side (captured color video of

view 2 in Fig. 4),

2) the distortions in the received or processed color video at the receiver side (output/distorted color

video view 1 in Fig. 4) as compared to the corresponding captured view at the sender side
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(captured color video of view 1 in Fig. 4),

3) and the distortions in the received or processed depth at the receiver side (output/distorted depth

video view 1 in Fig. 4) as compared to the generated depth video at the sender side (captured

depth video of view 1 in Fig. 4).

In using any of the above options, there is an implicit assumption that the captured color and/or depth

videos at the sender side are distortion free. This assumption might be valid for the color videos given that

these videos are captured by high quality cameras. Nevertheless, this assumption is not accurate because

it has to be defined within what constitute as an acceptable quality of stereoscopic experience. Notably,

defining what qualifies subjectively as a good stereoscopic experience is still an ongoing research work.

As for depth, it is neither valid nor accurate to assume that the generated depth is distortion free.

The current depth video capturing or sensing technologies are noisy, inaccurate and unreliable [34].

Depth can be either captured using a passive sensor that extracts depth by disparity estimations using

stereo matching techniques, or an active sensor such as time-of-flight (TOF) camera. Passive sensors are

particularly inaccurate around non-textured and featureless regions because it lacks visual information

which makes it hard to establish correspondence across the views of multiple cameras. Active sensors

on the other hand has a very low resolution and tends to be very noisy around textured regions [34].

As a result, the captured depth cannot be a valid reference for quality evaluation because the noises

introduced by the capturing device adds up to the quality degradation by other sources of noise such as

wrong estimations, numerical rounding and compression artifacts introduced by the processing pipeline.

In this paper, we define quality of experience by the amount of visual discomfort that the stereoscopic

video might cause to the observer. Visual discomfort in synthesized stereoscopic videos using DIBR is

mainly caused by noise in depth map. Depth map noise usually leads to inaccurate relocation of pixels

during the wrapping process. Henceforth the resulting synthesized videos may suffer from excessive

disparities, fast changing disparities, geometric distortions, temporal flickering and/or spatial noise in the

form of depth cues inconsistency.

In order to quantify the visual discomfort that is caused by noise or errors in the depth map, we need

a noise-free depth map as a reference. An ideal depth map reference for quality assessment is the per

pixel depth that would generate a distortion-free virtual view using the same reference image and same

DIBR parameters. We will refer to this depth as the ideal depth. A conceptual illustration for ideal depth

is shown in Fig. 5. The ideal depth would make an excellent reference for our quality evaluation because

it meets the following properties:

• The ideal depth is free of the noises introduced by the capturing devices and the processing pipeline.
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• The ideal depth generates a distortion free synthesized color video using DIBR.

• The ideal depth is estimated from the captured color video. Therefore, the ideal depth is a valid

reference to evaluate non depth related distortions such as distortions caused by the hole-filling

algorithm and/or the colored video compression.

In the following subsections we will show how to estimate the ideal depth in full-reference and in

no-reference case.

Fig. 5. Ideal depth is the depth map that would generate the distortion-free image given the same reference image and DIBR

parameters (B, s, Fv , h).

A. Ideal Depth Estimation in the full-reference Case

The ideal depth estimation in the full-reference case is a function of the captured color video for

the view to be interpolated (captured color video for view 2 in Fig. 4) from the sender side, the

received depth map (output/distorted depth video for view 1 in Fig. 4) and the synthesized color video

(synthesized color video for view 2 in Fig. 4). The ideal depth estimate can be derived as follows:

1) Using the 3D wrapping equation in (1), we first express the horizontal coordinate X̄v vector of the

synthesized virtual view as a function of the horizontal coordinate vector of the reference view X̄r:

X̄v = X̄r + s
FvB

Z̄
+ h (3)

2) Similarly, the horizontal coordinate vector of the captured view X̄o can be expressed as a function

of the horizontal coordinate vector X̄r of the the reference view:

X̄o = X̄r + s
FvB

Z̄IDEAL
+ h (4)
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where Z̄IDEAL is the ideal depth map vector to be estimated. The distortion free view is assumed

to be the captured color video (captured color video for view 2 in Fig. 4).

3) By subtracting (4) from (3) and then preforming direct substitution, the ideal depth vector Z̄IDEAL

can be expressed as:

Z̄IDEAL =
sFvB

(X̄o − X̄v) + sFvB
Z̄

(5)

4) Calculating (Xo −Xv) in equation (5) is non-trivial. However, calculating the intensity variation

(Io − Iv) is simpler and produces more accurate results than the horizontal shift (Xo − Xv).

Hence to estimate ZIDEAL we need to derive a relationship between the intensity variation and the

horizontal shift. In [7] the relation between the sum of squared differences (SSD) of the original

video frame and its horizontal translations has been shown to be linear. Based on this observation

we were able to prove that the horizontal shift values for each pixel location can be estimated in

terms of the intensity variations as follows ∆Ī ≈ α∆X̄ for a small horizontal shift ∆X̄ , where α

is a constant. The proof is given in section IV-C. The ideal depth now can be estimated from the

rendered virtual view intensity vector Īv, the distortion-free view intensity vector Īo, the received

depth map Z̄ vector, focal length Fv, and the baseline B as follows:

Z̄IDEAL ≈
sFvB

α(Īo − Īv) + sFvB
Z̄

(6)

Now that we have derived the ideal depth estimate for the full-reference case, we will show how to

derive it in the no-reference case.

B. Ideal Depth Estimation in the no-reference Case

The ideal depth estimation for the no-reference case is different from the full-reference case. In a

no-reference case no information from the sender is available for evaluation. Therefore, the derivation

for the no-reference ideal depth estimate proceeds as follows:

1) Equation (6) is the full-reference ideal depth estimate. For the no-reference case Īo is not available

for evaluation. Therefore, we cannot explicitly derive the ideal depth map. Hence, we need to

estimate the intensity variation vector (Īo − Īv) from the intensity vector of the rendered virtual

image Īv and the intensity vector Īr of the received reference image (synthesized color video for

view 2 and output/distorted depth video for view 1 in Fig. 4) . If we assume this function to

be f(Īv, Īr), then the ideal depth can be expressed as a function of f(Īv, Īr) as follows:
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Z̄IDEAL ≈
sFvB

α(f(Īv, Īr)) + sFvB
Z̄

. (7)

2) The intensity vector Īr of the received reference image (output/processed color video for view

1) is the closest in computational features to Īo among the available videos at the receiver side.

However, before calculating the intensity variation for equation (7) we need to correct for the

horizontal disparity between Īr and Īo. Hence, the function f(Īv, Īr) is calculated as the difference

in intensity between each block in the reference view Īr and the corresponding block in the rendered

virtual view Īv after applying a horizontal shift to the blocks of the reference view. Z̄IDEAL can

then be calculated in an algorithmic manner as shown in Algorithm 1.

Algorithm 1 Ideal depth approximation.
d is variable initialized as the block size

for i = 1 to imagewidth step d do

for j = 1 to imageheight step d do

D = Z[i to i+ d, j to j + d]

m = mean(D)

Iref = Ir[i to i+ d, j +m to j + d+m]

Iver = Iv[i to i+ d, j to j + d]

f [i to i+ d, j to j + d] = Iref - Iver

ZIDEAL [i to i+ d, j to j + d] = (sFvB)/(α(f) + sFvB
D )

end for

end for

The choice of the block size d does affect the noise level in the estimated ideal depth. This effect will

be discussed in the results section.

C. Relationship Between Small Intensity Change and Small Horizontal Shift

In [7] the relation between the sum of squared differences (SSD) of the original video frame and its

horizontal translations has been shown to be linear. In this section we will prove that the relationship

between ∆X̄ , the small horizontal shift values for each pixel location, and ∆Ī , the intensity or luminance

variations, can be expressed as ∆Ī ≈ α∆X̄ , where α is a constant. The intensity or luminance of an

image can be expressed as function of the horizontal and vertical coordinates (X̄, Ȳ ) as follows:

April 8, 2012 DRAFT



13

Ī = f(X̄, Ȳ ). (8)

But since we are only looking for variations along the horizontal coordinates Ī can be expressed in

terms of X̄ only where Ȳ is assumed to be fixed, as follows:

Ī = f(X̄). (9)

If we apply a Taylor series expansion of (9) in the neighborhood of 0, then (9) can be written as

follows:

I = f(X̄) = f(0) +
f ′(0)

1!
X̄ +

f ′′(0)

2!
X̄2 +

f (3)(0)

3!
X̄3 + ... (10)

For a small change ∆X̄ , the intensity at X̄ + ∆X̄ can be expressed as follows:

f(X̄ + ∆X̄) = f(0) +
f ′(0)

1!
(X̄ + ∆X̄) +

f ′′(0)

2!
(X̄ + ∆X̄)2 +

f (3)(0)

3!
(X̄ + ∆X̄)3 + ... (11)

Subtracting (11) from (10) yields the following:

f(X̄ + ∆X̄)− f(X̄) =
f ′(0)

1!
(∆X̄) +

f ′′(0)

2!
(2X̄∆X̄ + (∆X̄)2) + ... (12)

The equation in (12) can be then reduced to the following:

∆Ī =
f ′(0)

1!
(∆X̄) +

f ′′(0)

2!
(2X̄∆X̄ + (∆X̄)2) + ... (13)

In order to derive the relationship between ∆Ī and ∆X̄ we need to inspect the two coefficients that

multiplies ∆X̄ and (2X̄∆X̄+(∆X̄)2) in (13). We ran a set of simulations on a database of stereoscopic

images and videos. For each image or video frame we calculated (f
′(0)
1! and f ′′(0)

2! ). In Fig. 6 and Fig. 7

we have chosen the plots for four images and video frames that consist a variation in depth and texture

distributions. These sequences are the Pantomime and Cafe video sequences [35], the Ballet sequence

[36], and the Art sequence [37]. The Pantomime video sequence has a medium complex depth and largely

smooth texture structure. The Cafe video sequence has larger depth distribution and medium complex

texture structure.The Ballet video sequence has a complex depth and smooth texture structure. The Art

image sequence has a complex depth and complex texture structure.

For the plots in Fig. 6 and Fig. 7 we calculated f ′(0)
1! and f ′′(0)

2! for each image and video frame. The

results show that f ′(0)
1! is much larger than f ′′(0)

2! . We may also infer from the plots that for a small ∆X̄
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the term (f
′′(0)
2! (2X̄∆X̄ + (∆X̄)2) is very small compared to f ′(0)

1! (∆X̄) and hence the former can be

assumed to be zero. In the figures of Fig. 6 and Fig. 7 we plotted the two terms for least (∆X̄ = 1) and

most (∆X̄ = 16) against the horizonal coordinate X , where X is confined to a vector of size 16. The

gradient values in here are for the middle rows of the images.

As a result, equation (13) can be reduced to the following:

∆Ī ≈ f ′(0)

1!
(∆X̄), (14)

which is also the linear approximation of ∆Ī . It is then valid to assume ∆Ī ≈ α∆X̄ , where α is

a constant. The latter statement does actually mean that for small shifts along the horizontal axis the

change of intensity tends to be proportional to the shift. This statement is true for most natural images,

with small exception that could manifest around sharp edges.

V. DISTORTION METRICS

Up to this point, we have derived an estimation of the ideal depth. In what follows, we will use the

ideal depth to derive the distortion metrics that would account for visual discomfort in the synthesized

video. We start by defining the term ∆Z, as the difference between the ideal depth and the received

depth which can be expressed as follows:

∆Z = |ZIDEAL − Z|. (15)

When the value of ∆Z is zero at a certain pixel location that means that the corresponding pixel location

is distortion free. However,a non-zero value of ∆Z does not necessarily mean a visible distortion at that

pixel location. For instance, a consistent (uniform) error over a specific depth plane will cause the whole

plane to be shifted in one direction and the perceptual effect of such error will be a slight increase

or decrease in the perceived depth. This slight increase or decrease does not constitute a perceptible

visual distortion. These inaccuracies are spatially uniform and originate from estimations in the wrapping

equation and inherited approximation in the camera modeling parameters. Otherwise, a non-zero value

of ∆Z does constitute a visual distortion in the synthesized video. Such visual distortions are the sources

of the visual discomfort experienced by the end user.

To measure the visual discomfort we define three distortion metrics: the spatial outliers (SO), temporal

outliers (TO), and temporal inconsistencies (TI).
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Fig. 6. Plot the two terms of equation (13) for least (∆X̄ = 1) horizontal variations against the horizonal coordinate X , where

X is confined to a vector of size 16.

A. Spatial Outliers (SO)

A non-zero set of values of ∆Z with non-uniform distribution over a depth plane would result in

relocation of color pixel/blocks during the wrapping process to an alien position. The visual effect of

these errors on the synthesized view is spatially noticeable around texture areas and would result in visual

discomfort in the form of inconsistent depth cues (unmatched object colors) and geometric distortions.

These spatial inconsistencies can be quantified through the spatial outliers (SO), calculated as the

standard deviation of ∆Z:

SO = STD(∆Z) (16)

The standard deviation in this case separates the spatially visible distortions due to non-zero ∆Z from
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Fig. 7. Plot the two terms of equation (13) for most (∆X̄ = 16) horizontal variations against the horizonal coordinate X ,

where X is confined to a vector of size 16.

the perceptually non-significant ∆Z’s. In Fig. 8 a frame from a DIBR generated video is shown. The

original stereo video was captured by Point Grey’s Bumblebee2 camera and then the depth map sequence

was generated using stereo matching. The depth was then used to obtain a DIBR-based estimate of the

right view video. Looking at the chosen frame we can see that there are distortions around the hand, the

paper, the head, and the wall in background. These distortions are caused by both the errors in the depth

maps as well as by the hole filling algorithm. The SO map of the frame in Fig. 8 is shown in Fig. 9(a).

The spatial distortions were all captured by SO plus the edges where a plan shift occurs. The latter is

not a source of visual distortion however it can be filtered using the temporal outliers described next.
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B. Temporal Outliers (TO)

The temporal variation of ∆Z is also another indicator of visual distortion resulting in visual discom-

fort. A temporally inconsistent ∆Z indicates random pixel relocation during the wrapping process or

inconsistency in the hole filling algorithm. This is spatially noticeable around textured areas in the form

of significant intensity changes and around flat regions in the form of flickering. Therefore, we define the

temporal outliers (TO) metric as the standard deviation of the change in ∆Z for two consecutive frames:

TO = STD(∆Zt+1 −∆Zt) (17)

The error introduced due to depth map noise is temporally inconsistent while an non-zero ∆Z around at

an edge of plane change will be temporally consistent because the same wrapping parameters were used

to generate both frames. By taking the standard deviation the temporal outliers filters out the edginess in

SO and will only keep the visible temporal distortions from depth map errors and hole-filling. This can

be also observed by looking into the TO map of the Fig. 8, shown in Fig. 9(b) where the edginess is no

longer part of the captured distortion.

C. Temporal Inconsistencies (TI)

Excessive disparities and fast changing disparities are another source of visual discomfort and are

mainly caused by errors in stereo matching, hole-filling algorithms and depth compression. These distor-

tions are also observed in the form of flickering, which is usually observed around smoothly textured areas

and noise around highly structured regions. We will refer to this measure as the temporal inconsistencies

metric (TI) and it can be derived as:

TI = STD(Zt+1 − Zt) (18)

The TI map of the frame in Fig. 8 is shown in Fig. 9(c). We can notice that TI captures all the

flickering on the wall in the background. This flickering is caused by inconsistencies in the hole filling

algorithm. TI also captures the fast changing noises that were not captured by the spatial outliers earlier.

VI. 3VQM

The artifacts leading to visual discomfort in DIBR-based stereoscopic videos are captured by at least

one of the three measures introduced above. We combine the three measures into one 3D vision-based

quality measure for stereoscopic DIBR-based videos as follows:

3VQM = K(1− SO(SO ∩ TO))a(1− TI)b(1− TO)c, (19)
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where SO, TO, and TI are normalized to the range 0 to 1 and a, b, and c are constants which were

empirically determined by running several training sequences. (SO ∩ TO) is the logical intersection of

SO and TO included in the equation to avoid accounting the outlier distortion more than once 2. K is a

constant for scaling where 3VQM ranges from 0 for lowest quality to K for highest quality. The overall

quality measure is calculated as the mean of the values in the matrix 3VQM. If 3VQM is calculated

on ideal depth derived from a full-reference case it will be referred to as FR-3VQM, otherwise if it is

derived from no-reference case it will be referred to as NR-3VQM. The FR-3VQM map of the frame

in Fig. 8 is shown in Fig. 9(d).

Fig. 8. A single frame chosen from a right view video generated through DIBR. The depth maps were obtained using stereo

matching.

VII. EXPERIMENTAL RESULTS

In order to test the performance of 3VQM, we conducted an extensive subjective quality assessment

study. First we produced a database of DIBR generated video sequences. The original video sequences

used are a combination of MPEG sequences [35] and sequences captured using Point Grey’s Bumblebee2

2For numerical values all nonzero values in the ∩ are considered as 1’s
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Fig. 9. Distortion measures for the frame shown in Fig. 8.

camera. To simulate different types of color and depth video distortions , the sequences were processed by

three different applications: depth and colored video H.264 based compression, depth estimation (stereo

matching), and depth from 2D to 3D conversion using color information [39]. The experiments were

conducted using a Samsung 2233RZ display with the shutter glass solution from NVIDIA. The testing

conditions were chosen to be consistent with the new requirements for subjective subjective video quality

assessment methodologies for 3DTV described in [12]. In these experiments, we recruited 24 volunteers

who were mostly engineers with little to no previous experience of 3D video processing. Each volunteer

was asked to assign each video sequence with a score indicating his/her assessment of the quality of that

video. The subjects were not screened for color blindness or vision problems, and their verbal expression

of the soundness of their (corrected) vision was considered sufficient. The quality was defined as the

extent to which the distortions were visible and annoying. The raw scores for each subject were collected
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Fig. 10. Scatter plots for both the full-reference measure 3VQM and the no-reference measure NR-3VQM (d = 5).

and processed to give Mean Opinion Scores (MOS) and a Difference Mean Opinion Score (DMOS) for each

distorted videos. The tested videos were a total of 31 video sequences each of 30 seconds in length. The

DMOS results for the video sequences were divided into two groups. For the 21 video sequences of first

group we had both the reference distortion-free video the original depth (before processing) and hence

the objective quality was measured using the full-reference. However, for the 10 video sequences of the

second group we had no information regarding the original depth or the reference distortion-free videos.

As a result, the objective quality of the second group was measured using the no-reference measure.

Fig. 10 shows the scatter plot for both the (FR-3VQM) and the (NR-3VQM) measures versus DMOS. To

give the values of the 3VQM a meaningful representation as well as making it easier to compare against

the MOS values we have set K = 5 in (19). The constants a, b and c were determined after a training

experiment conducted using three video sequences in which three different volunteers were asked to rate

the synthesized videos. The synthesized videos that used in the training experiment were not used in the

subjective experiment and the volunteers who evaluated the training sequence were not asked to perform

the subjective experiments so that we can make sure that will not bias our results. Consequently, the

constants were set to the following values: a = 8, b = 8, and c = 6.

The results in Fig. 10 show that both FR-3VQM and NR-3VQM objective ratings are inside the outlier

boundary defined by the quality ratings that are greater that two DMOS standard deviation away from

the ideal rating. We also notice that more that 80% of the objective ratings fall inside the one σDMOS
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Fig. 11. Scatter plots for the four objective quality criteria: Average PSNR, Weighted Average PSNR,Average SSIM, and 3VQM.

The Image Quality Ratings were all scaled to the MOS range [0, 5] for comparison. The dashed lines with dots (-.-.) in blue

indicate the outliers’ boundary and straight line in blue (middle) indicate the ideal image quality rating. A point is considered

an outlier if the distance from the ideal is greater than twice the DMOS standard deviation [38]. The DMOS standard deviation

line is shown in dashed red (—-).

boundary. This means that the 3VQM measure is significantly consistent with the subjective scores and

has no outliers.

We compared the performance of 3VQM against three quality measures. The first quality measure is

the average PSNR which is calculated as the average PSNR of the left and right view. The second quality

measure is the weighted average PSNR proposed in [21]. Finally, the third quality measure is the average

structural similarity (SSIM) of the left and right image [40]. The scatter plots of DMOS versus the image
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quality ratings for the four objective quality measures (average PSNR, weighted average PSNR, average

SSIM and 3VQM) are shown in Fig. 11. A point is considered an outlier if the distance from the ideal is

greater than twice the DMOS standard deviation [38]. The plots show that while 3VQM has zero outlier

points, all other measures have points outside the outlier boundaries. The percentage of outlier points

in a quality measure is an indicator for consistency. The results are a proof that 3VQM ratings have no

outlier points and hence are significantly more consistent than the other quality measures. The plots in

Fig. 11 also show that the 3VQM values are distributed almost evenly from bad to excellent (1 through

5) thus indicating a coherency.

Table I shows the validations scores for the objective quality measures. Following the VQEG recom-

mendations in [38], the validation scores that are used in this paper are the root mean squared error

(RMSE), the Pearson linear correlation coefficient (CC), the Spearman rank order correlation coefficient

(ROCC), the mean absolute error (MAE), and the Outlier Ratio (OR). These validation scores express

the relationships between each quality measure and the subjective ratings. Higher CC and ROCC values

indicate increased coherency for the objective quality measure predictions. ROCC is also a metric used

to evaluate the monotonicity of the objective quality measure predictions. The RMSE and MAE on the

other hand are measures of accuracy of the predictions, where lower RMSE and MAE values mean a

more accurate predictions. Moreover, the Outlier Ratio (OR) is a measure of consistency where values

closer to zero indicate better consistency in the quality measure predictions.

In the table we also compare the validation scores of the NR-3VQM as we increase the block size d. The

results show that as the value of d increases the root means quare error (RMSE) of the subjective results

and the no-reference measure increase as well. Moreover, as the block size increases, the percentage of

outliers increases. Nevertheless, from our experiments, a block size of d = 2 or d = 5 has a low RMSE,

high correlation values and no outliers for all the videos in our experiment. The reason is that as we

increase the block size d, the horizontal shift applied to block in the reference view Īr will less likely

correspond to the right block in the rendered virtual view Īv. The results in Table I also show that the no-

reference measure value for d = 2 has lower RMSE and MAE values but slightly lower correlation values.

This indicates that for d = 2 the no-reference measure has higher accuracy but slightly less coherency

than full-reference. With d = 5 the RMSE and MAE values are higher however both Pearson linear

correlation coefficient (CC) and Spearman rank order correlation coefficient (ROCC) values improved.

We can see that the no-reference measure with d = 5 is more coherent and is closer in performance to

the full-reference than other cases. Outlier ratio is zero except at d = 100 which is due to the fact that

the correlation is eliminated at large block size. For small block sizes the outlier ratio indicates a very
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consistent quality predictions for the no-reference measure for small block size values. The validation

scores in Table I for the combination of the full-reference and the no-reference measures show that ideal

depth evaluation for visual discomfort yields a very accurate, coherent and consistent objective quality

prediction for DIBR-based stereoscopic videos.

RMSE CC ROCC MAE OR σDMOS

Average PSNR 0.9464 0.7311 0.7149 0.822 0.1944 0.7885

Weighted Average PSNR 0.9354 0.7546 0.7766 0.7899 0.1944 0.7885

Average SSIM 0.8062 0.5979 0.542 0.6213 0.1299 0.7885

FR-3VQM 0.6158 0.8942 0.7890 0.5173 0 1.0082

NR-3VQM (d = 2) 0.5870 0.8529 0.1180 0.5094 0 0.6652

NR-3VQM (d = 5) 0.6384 0.8662 0.4445 0.5551 0 0.6652

NR-3VQM (d = 10) 0.7139 0.8762 0.1180 0.6440 0 0.6652

NR-3VQM (d = 100) 1.6857 0.9157 0.1003 1.6632 0.8 0.6652

FR-3VQM and NR-3VQM (d = 5) 0.6875 0.8728 0.7894 0.5967 0 0.7885

TABLE I

VALIDATION SCORES FOR THE FULL-REFERENCE, THE NO-REFERENCE AND THE COMBINATION OF BOTH THE

FULL-REFERENCE AND THE NO-REFERENCE MEASURES. THE VALIDATION CRITERIA ARE: ROOT MEAN SQUARED

ERROR(RMS), PEARSON LINEAR CORRELATION COEFFICIENT (CC), SPEARMAN RANK ORDER CORRELATION COEFFICIENT

(ROCC), MEAN ABSOLUTE ERROR (MAE), OUTLIER RATIO (OR) AND THE STANDARD DEVIATION OF THE DMOS VALUES

σDMOS .

The results in the Table I shows that 3VQM values represented by FR-3VQM and NR-3VQM (d = 5)

has the least RMSE and MAE values among the computed objective quality measures. In addition, the

RMSE for 3VQN is less than one standard deviation of the DMOS values (δDMOS = 0.7885), which

actually is an indication that 3VQM is relatively an accurate prediction of the quality for DIBR-based

3D videos. The Pearson linear correlation (CC) and Spearman rank order correlation coefficient (ROCC)

values for 3VQM also outperforms the three other quality measures. Higher CC values mean that 3VQM

is more coherent than average PSNR, weighted average PSNR and average SSIM. Higher ROCC values

also indicate a significant gain in monotonicity of quality predictions using 3VQM over the closest quality

measure average SSIM. The results also show that 3VQM has a zero outlier ratio (OR) and therefore is

the most consistent quality measure among all the ones above.

Overall, FR-3VQM is the most accurate, coherent and consistent among the objective measures repre-

sented in this paper. The results also show that average SSIM has a lower OR value than average PSNR
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and weighted average PSNR, which indicates that average SSIM is more consistent. average SSIM is

second to 3VQM in accuracy (RMSE and MAE). However, average SSIM has the least coherency (CC

and ROCC).

VIII. CONCLUSION

In this paper, we presented a new family of methods to objectively evaluate the quality of stereoscopic

3D videos generated by DIBR. This new family rely on a new concept we introduced;i.e. ideal depth.

First we showed how to derive an ideal depth estimate at each pixel value that would constitute a

distortion-free rendered video. We showed how to derive the ideal depth for a full-reference and no-

reference cases. The ideal depth estimate was then used to derive three distortion measures to objectify

the visual discomfort in the stereoscopic videos. The three measures are temporal outliers (TO), temporal

inconsistencies (TI), and spatial outliers (SO). The combination of the three measures constituted a

vision-based quality measure for 3D DIBR-based videos, 3VQM. Finally, 3VQM was verified against a

fully conducted subjective evaluation and compared to three other quality measures. The results show that

our proposed measure is significantly accurate, coherent and consistent with the subjective scores. The

results have also shown that the predictions of the no-reference measure (NR-3VQM) highly correlates

with subjective scores and is fairly close in performance to the full-reference FR-3VQM.
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