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ABSTRACT

Sign language users are eager for the freedom and convenience of video communication over cellular devices.
Compression of sign language video in this setting offers unique challenges. The low bitrates available make
encoding decisions extremely important, while the power constraints of the device limit the encoder complexity.
The ultimate goal is to maximize the intelligibility of the conversation given the rate-constrained cellular channel
and power constrained encoding device. This paper uses an objective measure of intelligibility, based on subjective
testing with members of the Deaf community, for rate-distortion optimization of sign language video within the
H.264 framework. The intelligibility metric is used in a Lagrangian cost function along with the Viterbi algorithm
to make optimal mode and quantizer decisions for each macroblock. The optimal QP values are analyzed and
the unique structure of sign language is exploited in order to reduce complexity by three orders of magnitude.

1. INTRODUCTION AND PREVIOUS WORK

Wireless and cellular video communication can offer the Deaf community the freedom of long distance com-
munication in their native sign language (SL).! One key challenge is that the bandwidth available on cellular
networks is very limited. Most traditional encoding techniques are optimized in terms of some measure of aes-
thetic distortion. As a communication tool, SL video must be judged in terms of its intelligibility; the desired
outcome is that a viewer comprehends the linguistic information. Therefore, it is necessary to develop encoding
algorithms that can maintain the intelligibility of SL communication while maximally compressing the video
sequence to meet the stringent rate constraints. In addition to bandwidth constraints, the processing power is
very limited for the majority of cellular devices. If the compression algorithm were too complex, the encoding
process could not occur in real-time. The overall goal of the MobileASL project is to provide real-time intelligible
SL communication over cellular telephones.? The encoding algorithms generate H.264 compliant bitstreams, to
allow for the use of existing hardware decoders.

There is a significant amount of structure in SL that can be exploited in a video compression setting. All
of the information in SL is conveyed through facial expressions and hand gestures.® Furthermore, eye tracking
studies have revealed that when observing a signer, a fluent SL user will primarily gaze at the signer’s face.* 6
Because of this structure, SL video should be coded with high visual fidelity around the face, sufficiently high
temporal resolution for capturing signs, and without many bits being spent on non-face, non-hand regions.'%

There are many specialized algorithms for encoding SL video. Several methods involve transforming the
sequence into a binary representation or line drawing.”® While these algorithms achieve significant compression
gains, they result in very unnatural videos. The goal of this work is to allow for signers to communicate
naturally. Other algorithms exploit the inherent structure of SL for compression gains on natural video sequences.
For example, Agrafiotis et al. use foveated processing to generate a map of priority regions.? By assigning
macroblocks to each priority region, blocks nearest to the face are coded with more bits than blocks farther away.
They achieved bitrate reductions of around 40% over the H.264 reference encoder (JM) without affecting the
intelligibility of the sequence. Nakazono et al. proposed three techniques for improving SL compression in H.263:
weighted bit allocation, modified macroblock encoding order, and forced SKIP mode in background blocks.!?
These techniques allowed more bits and higher priority given to the face and hand blocks. They demonstrated
that at a fixed bitrate, their proposed algorithm had higher mean opinion scores (as rated by fluent SL users) than
the H.263 test model. Other algorithms operate on the region-of-interest based approach.'''1? These algorithms
either arbitrarily assign more bits to the face and hand blocks or severely compress all non-skin blocks.

While all of these approaches exploit the inherent structure in SL videos, none are optimized with an appro-
priate cost function. The bit allocation to face and hand regions is done in a very heuristic fashion. The goal
of this work is to implement a measure of intelligibility in a rate-distortion optimization setting. Analysis of
the optimal coding parameters provides a method for substantially reducing complexity while achieving nearly
optimal rate-distortion performance. Section 2 describes how the Viterbi algorithm is used with a Lagrangian
cost function for rate-distortion optimization. Section 3 discusses the gains achieved by the optimized algorithm
and how heuristics are applied to significantly reduce the complexity.
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2. ESTABLISHING OPTIMAL CODING PARAMETERS USING AN
INTELLIGIBILITY METRIC

In H.264, the rate spent on a macroblock is determined by the selection of motion vector, mode, and quantizer.
The problem of rate control becomes choosing a parameter combination p; € P = {MV x M x QP} for each
macroblock X; over all N blocks. These coding decisions will affect total rate, R(X,p), and total distortion,
D(X,p). Given a rate constraint, R,,q., the optimization finds p such that:

13

min D(X,p) subj. to R(X,p) < Rpmax (1)
pePN

This rate-constrained optimization problem is made into an unconstrained problem by using the Lagrangian
relaxation technique. The distortion metric used is based on a measure of intelligibility. In an earlier paper,'*
the authors developed a spatial distortion metric that correlates well with subjective intelligibility evaluation:
I=WprMSEpr +WygMSEgy

This intelligibility metric is a weighted sum of MSE in the face pixels and MSE in the hand pixels. The
optimal values for the weights are Wr = 0.6 and Wy = 0.4. Face and hand pixels are found using skin-color
detection and morphological processing. In order to use this metric in an encoding setting, each macroblock in a
frame is classified as either face, hand, or background according the pixel-level map. As measured, intelligibility
is not affected by distortion in the background. However, ignoring background block distortion would reduce the
optimization of those blocks to finding the parameters which result in the smallest rate. This would effectively
encode all background blocks as skip type blocks and would result in very distracting artifacts. To appropriately
handle this, it was experimentally verified that weighting background distortions by 10~* sufficiently reduced
the rate allocated to those regions while preventing extremely distorted compression artifacts.

As in the work of Wiegand et al.,'? the following simplifications are made. First, for INTER mode mac-
roblocks, the motion vectors are optimized, in the rate-distortion sense, before mode and QP decisions are made.
Second, the mode decision can be optimized in the r-d sense, for a given QP.

The goal now is to find the optimal QP values for each macroblock in the frame, according to the Lagrangian
cost. In H.264, the QP for the current block is coded as a delta offset from the QP for the previous block.
Because of this, the additional rate required to encode large changes in QP can add significant overhead to the
bitstream, especially at very low rates. In order to model this dependency, a trellis is built in which each stage
corresponds to a macroblock and each node in a stage corresponds to a QP value.'® ¢ The Viterbi algorithm is
used to search for the path through the trellis that minimizes the Lagrangian cost.

This algorithm was implemented as a modified version of the x264 open source codec. This implementation
of H.264 was selected because it consistently outperforms many other codecs in terms of both computation time
and rate-distortion performance.!”

3. R-D OPTIMIZED COMPRESSION AND COMPLEXITY REDUCTION

The optimization algorithm described in section 2 was applied to four different videos, three indoor scenes with a
plain background and one outdoor scene with a very active background. The sequences ‘Sakura’ and ‘Graduation’
were recorded at University of Washington as part of the MobileASL project.? Both of these sequences were
recorded at 15 fps and 320x240 pixels. ‘Siblings’ was taken from the American Sign Language Linguistic Research
Project (ASLLRP) at Boston University'® and is 320x240 pixels at 30 fps. ‘Outdoor’ was recorded at University
of Bristol® and is 352x288 pixels at 25 fps.

Figure 1 illustrates the results for the sequence ‘Outdoor’ with the optimized algorithm, complexity-reduced
algorithm, and with the standard x264 algorithm. In these plots, intelligibility is measured as 10 log g, which
is the intelligibility distortion converted to quality score on a log scale.'* In all four sequences, there is some
gain in measured intelligibility over the standard rate control algorithm.

The most significant gains are obtained in the sequence ‘Outdoor’. Because of the background activity, there
is a large amount of residual left in background macroblocks after motion compensation. Since the x264 rate
control algorithm chooses a single QP for the entire frame, it is forced to allocate a lot of bits to the background
blocks, as well as the face and hand blocks. The SL optimized technique only assigns low QP values (and therefore
more bits) to the face and hand macroblocks. This leads to improvements of 1-3 dB in intelligibility. The gains
for the indoor sequences are not as drastic, because there is very little energy in the background macroblocks.
The default encoder is already allocating almost all of the rate to the face and hand blocks, because there is
almost no residual in the background after motion compensation. This leads to average gains of around 0.8 dB.

In terms of number of required Lagrangian cost calculations, the Viterbi algorithm has a time complexity of
0O(52? x M x N), where there are M possible encoding modes, 52 possible QP values, and N macroblocks in a
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Figure 1. Plot of Intelligibility (dB) versus bitrate (kbps) for sequence ‘Outdoor’. Optimal gains are as high as 2dB
because the background is very active. Low complexity algorithm performs similar to the optimal case. The x264 rate
control algorithm assigns a single QP to the entire frame, effectively adding unnecessary rate to background blocks.
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(a) QP occurrence versus A in non-SKIP mode face blocks. (b) QP occurrence versus A in non-SKIP mode hand blocks.

Figure 2. A plot of optimal QP values selected versus lambda. 90% of the blocks had QPs among these clouds of points.
The outliers in both (a) and (b) are a result of motion compensation.

frame. Because of this computational requirement, it is not feasible to use the Viterbi algorithm in a real-time
scenario. However, the optimal QP selection can be analyzed to identify a relationship between A and QP. Figure
2 illustrates the optimal QPs selected for a fixed value of A in the face and hand blocks. 90% of the non-SKIP
mode macroblocks have QPs among the plotted points. Only non-SKIP mode blocks are considered because QP
has no meaning in the SKIP mode.

As seen in the figure, the range of optimal QPs selected is virtually identical in each sequence for a fixed
A, despite differences in framerate, resolution, and number of face and hand blocks. The outliers in both 2(a)
and 2(b) are a result of motion compensation. In the face blocks, there is very little residual information left
after motion compensation. On the other hand, there can be a significant amount of residual left in the hand
blocks. Because of this, QP are adjusted higher and lower, respectively. By exploiting this relationship, the
complexity-reduced encoding process simply uses a lookup table to select QP for a given A\ and macroblock type
(e.g. face, hand, or background). This is similar to the technique used by Wiegand and Girod!® in which a
functional relationship was developed so that A could be calculated given a quantizer for the frame. Using a
lookup table to select QP reduces the encoding complexity from O(52%2 x M x N) to O(M x N), since only the
lowest cost mode needs to be found at each macroblock.

The modified, low-complexity algorithm was implemented in x264 using the results from figure 2 by generating
a QP lookup table. Given a specified value of A, a QP is assigned to each macroblock type (face, hand,
background) and that QP is applied to all blocks of that particular type. The results for the sequence ‘Outdoor’
are illustrated in figure 1. The low complexity algorithm performs nearly as well as the optimized method,
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especially at higher rates. At the very low rates, the gains achieved by the low complexity method decrease
compared to the R-D optimized method. As the total bitrate decreases, the rate added by coding large QP
offsets has a larger impact. The dynamic programming formulation takes this into account by comparing all
possible QP changes, but the low complexity method is forced to always choose the same QP, given a fixed .

Having established the relationship between A and optimal QP values, the rate for a SL sequence can be
controlled simply by adjusting A and using the appropriate lookup table. Common rate control techniques
involve measuring differences between frames and variance within blocks to estimate frame complexity and select
an appropriate quantizer.?’ The SL compression setting allows for this method to be greatly simplified. Because
all the important blocks will essentially contain the same type of content, part of a face or hand, the relationship
between A and the resulting bitrate will only depend on both the number of face and hand blocks and the
framerate of the sequence. By properly modeling this dependency, rate-control can be employed efficiently in
the low-complexity environment required by cellular devices.
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