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Foveated Video Quality Assessment Il. SNRIN CURVILINEAR COORDINATES

Sanghoon Lee, Marios S. Pattichis, and Alan C. Bovik A. FSNR Definition
Consider the coordinate mapping from = (#1,72) tO
Abstract—Most image and video compression algorithms that have & = (2.2;) given by (x) = [Di(w1.2), Ba(1,22)].
been proposed to improve picture quality relative to compression ef- 1his coordinate transform def'ne_s_ a one-to-one Corre_spondence
ficiency have either been designed based on objective criteria such asbetweenx and®(x) under the conditionsb; and®, are continuous

signal-to-noise-ratio (SNR) or have been evaluated, post-design, againstand have a single-valued inverse. Thén(x) is called “curvilinear
competing methods using an objective sample measure. However, existingqqrdinates”.

quantitative design criteria and numerical measurements of image and . . . _ . 5
video quality both fail to adequately capture those attributes deemed For a given two-dimendional (2-D) original imagex), x € R*, let

important by the human visual system, except, perhaps, at very low its Fourier transform b&(£2), 2 € R*.If O(Q2) = 0 for |2 > Q,,
error rates. We present a framework for assessing the quality of and theno(x) is an€,-band-limited image and denoted @x) € B~
determining the efficiency of foveatedand compressed images and video \yhich is the space of 2-D bandlimited signals. bet) be the original

streams. Image foveation is a process of nonuniform sampling that accords . : : _
with the acquisition of visual information at the human retina. Foveated image displayed on the monitor(x) be the reconstructed (decom

imagelvideo compression algorithms seek to exploit this reduction of Pressed)image displayed on the moniméx) be the imagg formed on
sensed information by nonuniformly reducing the resolution of the the human eye;(®(x)) be the image of(x) in the curvilinear coor-

visual data. We develop unique algorithms for assessing the quality of dinatesy(x) be the foveated image ofx) and finally,z(®(x)) be the
foveated image/video data using a model of human visual response. We i aqe ofy (x) in the curvilinear coordinates. The relationships between

demonstrate these concepts on foveated, compressed video streams usin . ; . e -
modified (foveated) versions of H.263 that are standard-compliant. We the various images are given byx) = Fy(r(x)), g(x) = h(®(x)),

find that quality vs. compression is enhanced considerably by the foveation v(x) = F;(o(x)), v(x) = z(®(x)) whereF; denotes the process of
approach. foveation filteringin the continuous spatial domain,

Index Terms—Foveation, quality assessment, video compression. ~ Suppose that a foveated imagex) with local b%ndw'dtmf(x) <
Q, is derived from the image(x). In such a case3®*/*) becomes the
space of locally band-limited signals and is denatégl) € B%s ),

|. INTRODUCTION Given &(x), v(x) € B%™ is mapped into:(®(z)) € B? ac-
. . Qe _ i
Human visual perception is characterized by a variable resolutiAding tov(x) = =(®(x)) where 3 is the space of2.-band-lim

across the field of view, with the highest resolution occurring at arifd images. Fig. 1(@) and (b) show a pair of the foveated images over
cartesian coordinates and the curvilinear coordinates respectively.

near the point of fixation and decreasing away from this point, as . ; . . , .
function of eccentricity, because of the nonuniform distribution of pho- Once the foveated image is mapped into a uniform image via the

toreceptors on the retina [1]. The point of fixation is projected onto tfEPOrdinate transformation, image/video quality assessment can be ac-
foveathe area of densest sampling and the overall variable resolutfgMPlished in the same way as with uniform coding (with possible
data is called doveated imageHence, if a foveated image is artifi- modifications to account for structural distortions). The objective cri-
cially created by removing the undetectable frequencies of an origif&fion that is used here is tiiaveal signal-to-noise raticor FSNR.

image (presupposing a point of foveation), then the foveated image willL€tSe C R t_)e a spatial reg|on_0f one frame of _the o_ngmalywdeo
appear the same as the original image. Fig. 1(a) shows a foveated y&fluence and displayed on a monitor over the spatiaimain and4,

sion of the original image where the foveation point is indicated the associated area of this region in curvilinear coordinates as shown

“+”. In the foveated image, high frequencies away from the foveatidh F19- 1. Then,d. = Js, Jo(x)dx whereJs (x) is thejacobianof

point have been removed. If attention is kept focussed at the foveati§fi coOrdinate transformatio o ®(x)). 3 )

point, then (depending on the reproduced image size and the viewjng€finition 1: Mc (mean square error in curvilinear coordinates

distance), the foveated image has the same appearance as the oridfffalcOntinuous images)—Assume that there s(?X(Ii')[S. a coordinate
It is possible that the assessment of video quality may be enhan &{psformatlor;i- which mfj‘ps"(x) andg(x) € B/ Into (@)

by taking foveation into account. Certainly, this is an aspect of visu@fld?(®) € B« Then, M7 = 1/A. Js. [2(2) = h(®)]" d®. The

function that has been largely ignored in the design of image qualffSE ¢ can be also expressed in termsuok), g(x) andJe (x):

metrics. This requires the development of objective criteria for meals = 1/4e Js, [v(x) = g(x)]" Ja (x)dx. .

suring foveated image/video quality and against the compression gairl "€ PSNR value is calculated fronl the discrete images, ) and

afforded by the data reduction. We pursue this goal in this paper by fi{Xx ). Using a discrete foveation filtdf; (x.. ), bothu(x., ) andg(x..)

troducing one such criterioF'SNR which is thefoveal signal-to-noise 2N be obtained from(x., ) andr(x. ) respectively. On the other hand,

ratio. We apply this metric to the task of foveated image/video qualifji) @ndg(x) are foveated by the human eye (effectively, by a biolog-
assessment. !cal foveation filter). We assume thatx,, ) andg(x., ) are the sampled
images fromv(x) andg(x).
Definition 2: MZ (mean square error in curvilinear coordi-
nates for discrete images)—Given a coordinate transformation
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(a) vix,) € B=rH] (b) 2{B(x,)) € B w. ==
Fig. 1. Foveated image in cartesian coordiatesgnd curvilinear coordinate$)

FPSNR = 10log,, [max['v(xn)]g(lﬂf)_l] and the FSNR (foveal — The foveal weighting metrig> is adaptable to other visual quality

mean square signal-to-noise ratio) is metrics for localized visual quality assessment. The metric can be
N 9 = simply applied to the WSNR. The quality metric is defined as the
B 2=t V(%) Ja (%) FWSNR:
FSNR= 10log,, | =% — .
2o v (%) — g (x0)]” Je (xn) FWSNR— 101 SN o ()" € (x0)]? £2
When measuring foveated video quality on a uniform grigk., ) - ok SN (0 (xn) =7 (x0))" e (0] £2

andg(x,) are replaced by(x,,) andr(x.,,).

Given a foveated image, lef,, be the local frequency at the B, Visual Quality Measurement for Additive Noise Images

nth point. A sampling matriXV,, can be found which describes the Fig. 2 depicts i that h b ted b G .
local frequency and which avoids aliasing if the image is bandlim- '9. epicts images that have been corrupted by (a) Gaussian

ited. Assume that/s (x,) is proportional to the sampling density:Whlte noise, (.b) by _h|ghpa§s (_;aussmn noise; (c) by s_pat|a||)_/ welghted
7 — _ - Gaussian white noise, which is densest at the foveation point; and (d)
Jo(x,) = c1/|det V| = caf, wheree; andc, are constants. - - . . : L

Then. the EPSNR becomes : by spatially weighted highpass Gaussian noise which is most sparse
' at the foveation point and denser toward the periphery. The WSNR

(ZQ; fﬁ) max [v (x,,)]* and the FWSNR are measured at the visual distance 50 cm. Fig. 2(b)
FPSNR= 10log,, =% T looks better than Fig. 2(a) even though the SNR for both images is
2= [0 (xn) = g ()] 7, the same. Thus, the WSNR is well matched with the perceptual visual
quality according to the frequency response of the CSF. However, the
ll. FOVEATED IMAGE/VIDEO QUALITY ASSESSMENT weighting is derived from the CSF over the frequency domain, so it
. . . . cannot adequately quantify spatially-varying distortions as shown in
A. FWSNR: Foveal Weighted Signal-to-Noise Ratio Fig. 2(c) and (d). Conversely, the FSNR effectively measures spa-

The most important HVS attribute is the frequency contrast sensially-varying additive noise. However, the FSNR cannot adequately
tivity function (CSF). In order to capture the spatially-varying respongpiantify distortions occurring in the frequency domain. Thus, the
of the HVS, a local bandlimited contrast has been introduced [2]. FENR in (a) and (b) is approximately same despite the different
[3], the CSFisC(f,) = 2.6(0.0192 + 0.114f,.) exp[—(0.114f,)*']  apparent visual quality. The FWSNR overcomes the drawbacks of the
where £, is the radial angular frequency (cycles/deg.). In [4], the viFSNR and the WSNR. Using the FWSNR, it is possible to measure
sual sensitivity is dropped in the diagonal directions and the angulacalized frequency noise and localized spatial noise.
frequencyf. is modified byf, = f./s(¢) where¢ is the angle mea-
sured from the: axis ands(4) is given bys(¢) = (1—w)/2cos(46)+ C. Visual Quality Measurement for Video Processing
(1+w)/2 where the symmetry parameter= 0.7.In[2], [5]. the CSF \we have incorporated the FMSE into an optimal rate control
was used as a weighting function for noise measurement and the egigbrithm designed using a Lagrange multiplier approach, which

measurement criterion is the WSNR (weighted SNR): yields higher (foveated) visual quality [6]. In the simulations to follow,
ZN_ [0 (%n)" c(xn)]z we used the H.263 video standard. Using a constant quantization
WSNR= 10log,, —z—=2=t " ) parameter, we obtained a standard compressed image in Fig. 3(a) and
2on=1 (0 (xn) =7 (x0))" e ()] a foveated and compressed image in Fig. 3(c). At equivalent bitrates

wherex denotes linear convolution ardx,, ) is the CSF in the spatial we applied optimal rate control to the original image and the foveated
domain. image, obtaining the reconstructed images in Fig. 3(b) and (d). It
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{a) SNR = 160, FENR = 163, W5NR = 16,5, (b} SNR = 16.0, FENR = 16.3, W5NR = 17.0,
FWENR = 16.4 FWisNHE = 17.2

16.0, FSNR = 18.1, WENR = 17.0,
181

[ch SNR = 160, FENR = 152, WSNR 16.5, [d} SNR

FWSNR = 1567 FWSNR

Fig. 2. Quality assessment for additive noise images: viewing distance 50 cm.

is apparent that the quality measurements made by the PSNR arghsures localized visual quality over the spatial domain, the FWSNR
the WSNR do not effectively quantify the localized visual qualityperforms simultaneously well over the spatial and the frequency
of the foveated and original reconstructed images, presuming tldamains. Using optimal rate control based on the FMSE, it is possible
the visual fixation point of the viewer is at the center of foveatiorto improve foveated visual quality as measured by the FWSNR.

Using optimal bit allocation over curvilinear coordinates, the FPSNR

improved by 0.8 dB for the standard compressed image and by 1.5

dB for the foveated compressed image. Due to foveation filtering, IV ConcLusions

the PSNR was improved by 4.1 dB and the FPSNR by 3.1 dB fromIn this paper, we developed new methods for foveated image/video
image (a) to image (c). When the FWSNR was used, high frequergyality assessment. In order to achieve the main goal, we defined a new
errors in the hair were reduced by the local bandwidth weighting ovebjective quality criterion (FPSNR/FWSNR) defined on curvilinear co-
the spatial domain and by the contrast sensitivity weighting over tloedinates and based on the foveation response of the human visual
frequency domain. Thus, the FWSNR of the images is apparently wgjistem. The novelty of the paper was the introduction of a unique visual
matched by the subjective visual quality. While the FPSNR effectivetyuality criterion that utilizes a nonuniform resolution weighting metric.
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[a] PENR = 309, FPSNE = 20, W5SNH = 23.1, (b} PSNR = 30.0, FFENR = 2008, WS5NR = 12.3,
FW5NR = 216 FWSNR = 23.3

(c) PSNR = 34.0, FPSNR = 32.1, WSNR = 2T .1, (d) FENH = 3.2, FPSNR = 33.6, WSNH = 36.2,
FWSNH = 15.6 FWiNR = 26.0

Fig. 3. Quality assessment for the H.263 video coding: |-frame, angularfr&gs cyc/deg: (a) 35.4 Kbits; (b) 34.6 Kbits; (c) 34.2 Kbits; (d) 35.6 Kbits.
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