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Abstract—Real-time videoconferencing using cellular devices incrementally varies the amount of rate allocated excalgiv
provides natural communication to the Deaf community. Com- to the signer, accommodating various user preferences. It i
pressed American Sign Language video must be evaluated inyhgrtant to note that ASL video is studied in this work

terms of the intelligibility of the conversation and not in terms b it id learly defined . f-interest
of the overall aesthetic quality of the video. This work studies ecause It provides clearly defined regions-ol-interest @m

the trade-offs between intelligibility and quality when varying the ~Objective distortion measure that reflects human ratinge T
proportion of the rate allocated explicitly to the signer. An intel- ~methodology presented is applicable to any class of ROI
ligibility distortion measure and a quality measure (PSNR) are video, particularly videos having multiple regions of viay
applied in a rate-distortion optimization framework and a novel importance.

encoding technique controls the degree to which intelligibility is This paper is organized as follows. Section Il reviews
emphasized over quality. Understanding the relationship between ? - At . : . .
intelligibility and quality allows the encoder to identify operating ~ rate-distortion optimization in H.264 and describes the di
points that maximize PSNR while maintaining a minimal level of ferences between a general purpose video encoder, designed
intelligibility. At fixed bitrates, PSNR can be increased on average to maximize quality, and an intelligibility optimized vide
by 5 dB with little penalty in intelligibility by providing anominal — ocoder, designed for ASL video. Section 11l describes how
amount of rate to the background region. Further increases in . L L . o
PSNR can be achieved at the price of reduced intelligibility. the intelligibility Opt'm'ZEd encoder 'S_ moc_“f'Ed to a‘?C“’“”
for user preferences in background distortion levels. iSect
|. INTRODUCTION IV provides an analysis of this modified coder with respect to
Real-time, two-way transmission of American Sign Lanthe trade-off between PSNR and intelligibility and ideesfi
guage (ASL) video over cellular networks provides naturalptimal operating points. Conclusions and future work are
communication among members of the Deaf communitgliscussed in Section V.
When compressing and evaluating ASL video, traditional
video quality estimators are inadequate; quality must ba-me
sured as the intelligibility of the signer, and not as theralle ~ Rate-distortion (R-D) optimization for video requires the
aesthetic quality of the video. Information in ASL is comsSelection of a set of encoding parameters for each mactiobloc
municated through facial expressions and hand gestures & minimizes the distortion subject to a target bitrate. |
the intelligibility of compressed ASL video can be objeetiy H-264, the video frames are divided into>186 pixel mac-
computed by measuring the distortions in the signer's fad@Plocks, each requiring encoding parameters consistirg o
hands, and torso [1]. quantization step size, defined by the quantization paemet
The objective intelligibility measure is used to encodensigfQP) and macroblock encoding mode, The optimal mac-
language video in a rate-distortion optimization settimgl a foblock encoding parameters, QP apdare determined by
provides bitrate reductions up to 50% compared to a medRlnimizing the Lagrangian R-D cost function, according to
squ_ar_ed-error (MSE) optimizeq encoder [2]. The inteIIiIgi_)b min J(X,p, QP|\) = D(X,p,QP) + AR(X,p,QP), (1)
optimized encoder achieves bitrate reductions by heawdy d ».QP
torting the background video region, which, for some ASlyhere )\ is the Lagrange parametek is the current mac-
users, can be distracting and annoying. Allowing the usgiplock, R is the bitrate required to encode the macroblock
to adjust the level of background distortion addresses thising QP andp, and D is the resulting distortion. The La-
problem, but lowering the distortion in the background oegi grangian optimization facilitates both quality optimizat and
can lead to an unintelligible signer. The goal of this workds ntelligibility optimization via the application of an apgpriate
identify optimal operating points that can increase théte€ {istortion measure.

quality of the video while maintaining the intelligibilitgf the ) o
ASL communication. A. Quality optimized encoder

This work studies the trade-offs between quality, measuredGeneral purpose video encoders are designed to maximize
as peak signal to noise ratio (PSNR), and intelligibilityemh the overall quality of the input video, where quality is tygily
applying a general video encoding algorithm and an intelligmeasured as PSNR. Although PSNR is unable to accurately
bility optimized encoding algorithm, each working withinet estimate subjective quality across different videos affdreint
H.264 encoding standard. A novel technique is developed thiistortion types, it can still be applied as a measure ofwide

Il. RATE-DISTORTION OPTIMIZATION IN H.264



quality under certain constraints. In particular, whenaeticg 2 R where@ P, is the quantization parameter

a single video, it is fair to assume that increasing PSN&hd oy, is tr?é6Weight for regiork, consisting of face, hands,
corresponds to an increase in subjective quality (or, mam@so, and background. This functional relationship isilsim
conservatively, a non-decrease in subjective quality). to one developed for arbitrary video content in H.264 [7]t Fo
In this work, the x264 encoder [3], an open source imncreasing values oy, corresponding to increasing region
plementation of H.264, is selected as the quality optimizeéchportance, the quantization step size will decrease. As a
encoder because it provides significant speed improvemerdsult, more important regions in the video frame are endode
over the H.264 JM reference encoder. The R-D optimizatianth a lower quantization step size and are allocated mdee ra
algorithm in x264 applies empirical models to select a QP A value of \ specifies the QP selection for each macroblock,
for the each frame, which is subsequently mapped #9 ] reducing the optimization in Eq. (1) to selecting only the
order to achieve a target bitrate [4]. The remaining enapdimptimal macroblock mode. Ultimately, this allows a single
decisions are made by minimizing Eq. (1) at each macroblogiarameter), defined for the entire frame, to select the proper
using mean squared error (MSE) as the distortion measureeAcoding parameters for every macroblock. Rate control is
consequence of selecting a frame-level QP and minimizipgrformed at the frame-level by adjusting according to
MSE is that all macroblocks are considered equally impcbrtaux](nJr 1) = \(n)— Brargee _ 1) whereRyarget and Raciual

Roctual

and PSNR is maximized. are the target bits and actual bits for framg8].
B. Intelligibility optimized encoder [1l. VARYING ROI PRIORITY - BLENDING
The intelligibility optimized encoder, implemented as a INTELLIGIBILITY AND QUALITY

modified version .of X264, incorporat_es an i(\telligibility'sd The intelligibility optimized and quality optimized encer
tortion measure into the R-D optimization in Eq. (1). Thespresent two encoding extremes, either allocating alrate
objective intelligibility measure is a function of the dist )y 1o the signer or distributing the rate evenly among gver
tion only in linguistically relevant regions, i.e., the B&'S macroblock. When optimizing strictly for intelligibilitythe
face, hands, and torso, and the measure accurately eslimaigs allocated to the background is minimized independént o
subjective intelligibility ratings of ASL video [1]. _the resulting distortion, creating severe compressiolfiaats
~ For the purposes of R-D optimization, macroblocks in thg the background macroblocks. Participants in subjective
input video are segmented into either face, hands, torso, @iheriments report varying levels of distraction caused by
background, using skin color detection and morphologicad p heavily distorted backgrounds [9]. Quality optimized \dde
cessing. The intelligibility distortion measure can be ®led ,rovides similar levels of distortion across the entirerfea
as the sum of weighted MSE in each of the segmented regiogminating extreme distortions in the background. Howeve
computed according to when optimizing strictly for quality, distortions in thegsier
Dipien(n) = apDp(n)+agDg(n) + can lead to unintelligible video. The_se two encoding exaem
arDr(n) + apeDic(n) @ alone are mcapabl.e_of a_cconjmodatllng the preferen_ces of ASL
=T BGEBG\ES users and maintaining intelligible video. This motivatée t
where D, Dy, Dr, and Dgg are the MSE for the face, need for an encoder that provides a variable trade-off eiwe
hands, torso, and background regions in framé&he region intelligibility optimization and quality optimization.
weights are given byvy = 1.6, ag = 0.5, ag = 0.1, and The intelligibility optimized encoder described in Seatio
ape = 0. A temporal pooling mechanism, which computefi-B is modified to include a global distortion weight, i,
both the mean and the temporal variation Bf,..;(n), which specifies the minimum weight to be applied to all
provides a single distortion value for the entire video, abhi regions in the frame. Specifically, #,,;, > ax, the region
is denotedDy,,;ci; [5]. weight «, is set equal tax,,;,. This provides a mechanism
BecauseDy,;.;; is a distortion measure, it is inverselyto increase the quality in the background, while guarantgei
proportional to intelligibility. The varying weights ca the that the background distortion weight is never higher then t
relative importance of each type of macroblock in the regiatistortion weights for the face, hands, or torso.
of interest (ROI); a distortion in the signer’s face will uts Modifying «.,,;, controls the degree to which the ROI is
in a lower intelligibility than the same level of distortian prioritized over the rest of the frame. A region is considere
the signer’s torso. Distortions in background macroblod&s prioritized if the corresponding distortion weight is larghan
not contribute toD,ic11; apg and D are included in EQ. a4, A prioritized region has a lower QP and lower distortion
(2) to explicitly account for all macroblocks. than the rest of the frame. For example, the intelligibility
In contrast with the quality optimized encoder, which comeptimized encoder corresponds dg,;, = 0; the entire ROI
putes a global QP for the entire frame, the intelligibilitface, hands, torso) is given priority over the background.
optimized encoder uses a trellis-based, R-D optimizatian p When «,,,;,, = 0.1 = a7, the distortions in the background
cedure that computes the optimal QP for each macrobloakd the torso are weighted equally, and only the face and
[6]. Applying this procedure to a collection of ASL videoshands are prioritized because of their higher distortiomgtte
over a range of\ values provides a functional relationshipAs «.,;, increases, only the most important macroblocks are
between\ and the optimal QP for each region, given byrioritized. At the extreme, whemy,,;, > ar, all of the
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(b) Prioritize all of the ROl aynin, = 0, (c) Prioritize all of the ROl with nominal
PSNR= 18.44 dB, Djpte;; = 0.616 background distortion weighte,,;, = 0.02,
PSNR= 21.74 dB, Djpten; = 0.642

IR 1 LT “vm
T T e -

(d) Prioritize only the face and hands,,;,, = (e) Prioritize only the face.u,;,, = 0.5, (f) Quality optimized.a,;, = 1.6, PSNR=
0.1, PSNR= 23.43 dB, Dyptc;; = 0.668 PSNR= 25.21 dB, Dypten; = 0.759 25.73 dB, Dyprey = 0.846

Fig. 1. Comparison of distortions for different levels of i@yof-interest (ROI) priority. The encoding optien,,;,, specifies the minimum distortion weight
to be applied to any region. As,,i», the torso, hands, and face are allocated fewer additidtelkdlative to the rest of the frame, causing a decrease in
intelligibility. Figure 2 specifies the relationship bewveD;,,+.;; and subjective ratings of intelligibility.

regions are weighted equally and the encoder behaves as thé CHARACTERIZING PSNRAND Dy, ;1 FOR VARYING
quality optimized encoder. RATE AND Qpin

This section analyzes the rate-distortion performance for
To illustrate, consider a sample ASL video, recorded in d&¢veral fixed values of.,;, and the relationship between
outdoor setting with a highly active background and encod&SNR andDyy.;; for varying o, at fixed bitrates. The
at 55 kbps with different values of,,;,. Five values for rate-distortion performance of the intelligibility optired en-
amin are selected to emphasize different operating poing@der and the quality optimized encoder are compared &dgains
amin = 0 prioritizes the entire ROlg,,;, = 0.02 prioritizes Multiple values ofx.,;, across bitrates ranging from 20 kbps

the entire ROI and provides a nominal amount of rate to tfi@ 100 kbps. Figure 2 compares PSNR aig,..;; for two
background,a,,;, = 0.1 = ar prioritizes only the signer's different ASL videos: a video filmed in a studio with a static

face and handsy..;, = 0.5 = ay prioritizes the signer's background and a video filmed on a busy street with high
face, andv,,;» = 1.6 = a prioritizes no regions and behavedackground activity. In each case, the intelligibility iopized

as the quality optimized encoder. Frames from this video a@g&coder achieves significant bitrate reductions at fixeelsef
presented in Figure 1. As,,;, increases, the relative priority intelligibility over the x264 encoder, demonstrated in uigs

of the ROI necessarily decreases and intelligibility deses, 2(2) and 2(b). The bitrate reductions primarily depend @n th
as illustrated in Figures 1(b) through 1(f). Decreasing Rdgvel of activity in the background region: 10% to 13% for the
priority is reflected in an increase in the objective ingibility ~ indoor video and 33% to 47% for the outdoor video.
distortion measureD;,..;; increases from 0.616 to 0.846. Because the intelligibility optimized encoder allocatés a
For the subjective intelligibility ratings associated lwihese most zero rate to the background, the PSNR is dominated by
values, refer to Figure 2. Conversely, as,;, increases, the distortions inthe background region. As a result, iasireg
PSNR increases from 18.44 dB to 25.73 dB. As this examglee bitrate for the intelligibility optimized coder yielda
demonstrates, varying.,.;, can provide a user with control negligible increase in PSNR, as demonstrated in Figures 2(c
over the level of background distortion while still priazing and 2(d). Because it is designed to minimize MSE, x264
the most important regions of the signer. The following igect achieves the highest PSNR at fixed bitrates, with 4 dB to 10 dB
analyzes PSNR anf);,,;.;; over a range of encoding bitratesncreases in PSNR over the intelligibility optimized enend
and «a,,,;, values, in order to identify appropriate operating In addition to comparing the intelligibility optimized and
points. quality optimized encoders, Figure 2 also illustrates tifiece
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(a) Rate vsDy,te;; for an indoor ASL video. The intelligibility optimizedb) Rate vsDy,,:¢;; for an outdoor ASL video. The intelligibility optimized
encoder reduces bitrate by 10%-13% over the quality optigherecoder. encoder reduces bitrate by 33%-47% over the quality optigherecoder.
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(c) Rate vs PSNR for an indoor ASL video. (d) Rate vs PSNR for an outdoor ASL video.
Fig. 2.

Rate-distortion plots for the quality optimized cndéae intelligibility optimized encoder, and several vauef a.,,;,. For (a) and (b), the left
y-axis provides the objective intelligibility distortiomeasure,D;,:.;;, and the right y-axis provides the subjective rating catiegocorresponding to the
objective distortion values. For (c) and (d), the y-axisvitles PSNR. For a fixed level of intelligibility, rate redigts increase for sequences with increasing

background activity. Whewy,,,;, = 0.02, PSNR increases by several dB abg,,;.;; increases negligibly. Whea,,,;,, = 1.6, all the region distortions are
weighted equally and the encoder operates identical to dladitg optimized encoder.

of varying au,.;n,. Setting a,,,;, = 0.02 applies a nominal  Sweeping through the range eof,,;, creates a class of
weight to the background distortion and results in sub&thntencoding scenarios that are the convex combination of the
increases in PSNR with only slight increases finy,,;;;. intelligibility optimized and quality optimized encoderas
Further increasing the.,;, results in increased PSNR at thellustrated in Figure 3. Each curve corresponds to a fixed
expense of intelligibility. Whenv,,,;,, = 1.6, the encoder per- encoding bitrate and each point in the curve corresponds to
forms nearly identical to x264, demonstrating that it bedsava particular value ofy,,;,,. Varying «,,., from 0 to 1.6 yields

as a quality optimized encoder at this point. combinations of PSNR and intelligibility that span the gpac
between the two encoding extremes: optimizing exclusively

The value ofa,,;, controls the priority given to the ROI for quality or for intelligibility

coder. Wheno,,;, = 0, the encoder is optimizing only for
intelligibility. When «,,,;, = 1.6, the encoder is optimizing The relationship betweer;,;.;; and PSNR, asw,,in
only for quality. To explicitly evaluate the trade-off beten varies, depends on the amount of activity in the background
PSNR and intelligibility afforded byx,,;,, the indoor and region. Increases ii;,;.; of approximately 0.2 correspond
outdoor videos are encoded at bitrates ranging from 25 to 1@0a difference of 1 point on a 5 point subjective intellidjtiyi
kbps in increments of 5 kbps,,;, is varied from 0 to 0.1 in scale. An increase iM;,:; Of less than 0.02, i.e., 10%
increments of 0.01 and from 0.1 to 1.6 in steps of 0.1. of 0.2, can be considered negligible. When compared to
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(@) PSNR vsDy,,;e;; for an indoor video having a static background. (b) PSNR vsDy,,¢;; for an outdoor video having an active background.

Fig. 3. PSNR versu®;,+.;; for videos with different levels of background activity. ékasolid line corresponds to a fixed bitrate and varying;,,. The
bitrates vary between 25 kbps and 100 kbps in increments ofpS.Kbepending on the amount of activity in the background, R$&In be increased by
several dB without a significant increase ity ,,;.;;, when compared to the intelligibility optimized encoder.

the intelligibility optimized encoder, selecting,,., = 0.5 nation of weighted MSE, that can be generalized to any ROI
increases PSNR in the indoor video between 4.5 dB awmleo. In future work, advanced spatial distortion measure
11 dB, depending on the encoding bitrate, with negligibldat incorporate perceptual models will be considered.ofg |
increase inDy,..;;, as illustrated in Figure 3(a). For the highas the distortion measure facilitates the computation gibre
background activity video in Figure 3(b), only a nominalual distortions (e.g., produces a spatial error map), peredéptu
of a,nin = 0.02 can be selected before the increaséin,,;; models, such as masking or contrast sensitivity, can omiyese
becomes non-negligible. At this point, PSNR is increaseéd improve the accuracy of the ROI distortion measure. In
between 1.3 dB and 4.7 dB, depending on the encoding bitraaedition, non-linear combinations of the region distarionay
The slope of the PSNR versu3;,,;.;; curves is steepestalso improve the subjective intelligibility estimationcacacy.
when 0.5 < a,, < 1.6. In this region, when comparedEither of these modifications will affect the functional ael
to the quality optimized encodefR);,;.;; iS reduced between tionship between quantization step size, QP, and the Lggran
0.03 and 0.08 for a corresponding decrease in PSNR of oplgrameter\. In this case the real-time selection of a QP for
between 0.5 dB and 0.6 dB. The signer’s face is relativegach region must be re-evaluated.
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