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ABSTRACT

In this paper, we propose a joint power-distortion optimization scheme for real-time H.264 video encoding under the
power constraint. Firstly, the power constraint is translated to the complexity constraint based on DVS technology.
Secondly, a computation allocation model (CAM) with virtual buffers is proposed to facilitate the optimal allocation of
constrained computational resource for each frame. Thirdly, the complexity adjustable encoder based on optimal motion
estimation and mode decision is proposed to meet the allocated resource. The proposed scheme takes the advantage of
some new features of H.264/AVC video coding tools such as early termination strategy in fast ME. Moreover, it can
avoid suffering from the high overhead of the parametric power control algorithms and achieve fine complexity
scalability in a wide range with stable rate-distortion performance. The proposed scheme also shows the potential of a
further reduction of computation and power consumption in the decoding without any change on the existing decoders.
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1. INTRODUCTION

With the popularity of various portable multimedia devices, the demand of real-time visual communication over wireless
network is increasing rapidly. However, the processor workloads to process the video material become a bottleneck,
mainly due to the power constraint. Typically, encoding and transmission cause most of the power consumption of
portable device in wireless visual communication [1]. The former is monotonic ascending with coding complexity [2],
and the latter is monotonic ascending with compressed bit-rate [3]. In the practical applications under bandwidth
constraint, the target bit-rate might be preset and adaptively satisfied by some efficient rate control algorithms [4]. In this
case, the power consumption due to transmission is stable, and the adjustability of power consumption mainly depends
on the encoding part. Thus, the power constraint can be translated to the coding complexity constraint.

Therefore, designing a complexity adjustable encoder to satisfy the power constrain, meanwhile achieve the optimal
video performance, is a basic research focus. However, there exists tradeoff between the coding complexity and
compression efficiency judged by rate-distortion (RD) performance. Higher compression efficiency could achieve lower
bit rate and distortion, while cost more coding complexity and coding power consumption. In order to achieve this
tradeoff, there are two problems need to be solved. The first one is how to allocate the overall available computation
resources to different frames or coding modules to make sure that at any time the processor workloads would not exceed
a given upper without sacrificing RD performance too much. The second one is how to fully utilize the allocated
computation resources by adjusting coding parameters.

Currently, most related work is based on the establishment of some mathematic model so as to accurately describe the
power-rate-distortion (PRD) relationship. Eisenberg et a/ minimize the transmission energy under distortion constraint
by jointly considering error concealment in decoder and packet loss in channel [6]. He et al jointly optimize the PRD
performance by adjusting the number of SAD computations, the number of DCT computations and frame rate [2].
Although the parametric model provides a good solution for above two problems, it also presents inherently high
overhead of computation to set up such PRD model. Due to the variety of video content, even the same coding scheme
might go through varied programming flows, which result in varied computational costs. Therefore, plenty of adjustable
medium parameters are necessary in such parametric model, which need to be adaptively estimated with significant
computational costs. For example, with the increasing of MB modes or packets number in one frame, the branches of the
source coding tree model [6] would increase with geometric series. Considering the limited computational capabilities
for current portable devices, the recommended frequency of parameter adjustment is low, e.g., once per 5 seconds in [2].
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There are some non-parametric power control methods with low overhead that facilitate higher frequency of parameter
adjustment. Most of them reduce the power consumption by reducing average bit-rate or discarding selected frames [7].
Obviously, bit-rate reduction and frame dropping would result in global deterioration of video quality. Li et al allocate
more bits and more computational resources to the foreground regions to enhance the video quality when available
power is limited [8]. However, the coding performance relies on the accuracy of region classification, and the
adjustability range of power consumption is limited.

Recently, related power control problem has been studied in terms of H.264/AVC, the up-to-date video coding standard.
When previous schemes are extended to the H.264 encoding, there are some useful features of new tools hard to be
utilized. For example, rate-distortion optimized mode decision (MD) with variable block-size motion estimation (ME)
greatly improve coding efficiency, but it is the most time-consuming modules as well [9]~[11]. Many fast algorithms are
proposed to reduce the complexity of H.264 ME or MD modules [5][12][13]. But most fast algorithms cannot achieve
fine complexity adjustability according to available computation resource. Liang et al propose a multiple objective
optimization model, which starts coding from highest complexity level and migrates to lower level by fast ME and
reducing frame-rate until the performance gets saturated [14]. However, this “greedy” algorithm cannot achieve the
target complexity directly and accurately. Kannangara et al adjust coding complexity by employing SKIP mode early
prediction in RD optimized MD prior to ME [15]. Increasing the ratio of SKIP MBs can efficiently save computation and
bits with low overhead, but result in distortion increasing and error propagation easily under low computation constraint.

In view of the above problems, we propose an efficient joint power-distortion optimization video coding scheme under
power constraint. Firstly, in order to reduce the overhead the power control algorithm, power constraint is translated to
the coding complexity constraint based on scaled sum of absolute difference (SAD) computation unit (CU)
measurement. Secondly, in order to facilitate the optimal allocation of constrained computational resource, a
computation allocation model (CAM) with virtual computation buffer (VCB) is proposed. Thirdly, in order to achieve
fine scalability of coding complexity, by utilizing new features of H.264 encoder, a frame-level complexity adjustable
motion estimation (CAME) with optimal search path and a block-level complexity adjustable mode decision (CAMD)
with optimal search order are proposed consequently.

The rest of this paper is organized as follows. In Section 2, we analyze the relation between power consumption and
coding complexity of a typical H.264 encoder, and state the issues designing a complexity scalable encoder. In Section 3,
we describe the proposed CAM with VCB for computation resource allocation. In Section 4, we propose a video-coding
scheme with scalable computational complexity based on CAME and CAMD module. The experimental results are
given in Section 5. Finally, Section 6 concludes this paper.

2. H.264 ENCODER COMPLEXITY ANALYSIS

As discussed above, the adjustability of power consumption mainly depends on the part due to encoding. Further, the
power consumption due to encoding is mainly caused by the computational operations. As described in [S][16][17],
using dynamic voltage scaling (DVS) technology in CMOS circuit design, the power consumption of computational
operations is a monotonic ascending function of the number of processor cycles per second. Therefore, for a given power
supply constraint of certain portable device, as well as constrained bit-rate of compression, the encoding complexity
constraint can be represented as a monotonic ascending function of the number of processor cycles [2][3]. For simplicity,
in this paper, the computational operations in terms of different complexity level of H.264 encoding are quantitatively
represented based on the basic CU, which contains a fixed number of processor circles, as described below.

2.1 Complexity Analysis

Based on statistics [5][9]~[12], the most time-consuming coding modules in typical H.264 video encoder include ME
with fractional motion vector (MV) resolution and RD optimized MD with variable block-size ME. ME typically
consume 60% (1 reference frame) to 80% (5 reference frames) of the total encoding time [5], and the proportion can be
much higher with larger search range. The benefit is that quarter-pixel ME can reduce the bit-rates up to 30% except for
very low bit-rates, while it leads to the increasing of processing time about 10% [10]. As for the RD optimized MD, the
complexity increases linearly with the number of modes used for variable block-size ME, while the RD performance
gain mainly comes from only few modes. For example, 60%-85% of PSNR improvement and 75%-85% of the bit-rate
reduction can be achieved only using modes 16x16 to 8x8 [11]. Therefore, for the encoding complexity control, it is
desirable to have the most efficient combination of the ME and MD under a given complexity constraint. Consequently,
the quantitative measurement of the computation consumption, in terms of each encoding module, is necessary.
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In this paper, we divide the high-level encoding modules into a

number of basic operation units. For example, the ME module can Table 1: Summary of Sub-function Scaled CU.
be taken as the combination of a number of SAD operations. We :
measure the encoding complexity of a basic operation unit by Sub-function cycles Ccu
summing up all the required processor cycles for its sub-functions, SAD 4x4 353 1
as used in our previous work [3]. Table 1 shows the number of DCT_4x4 i 879 2.5
processor cycles consumed by each basic operation in a typical Luma Interpolation 41961.1 118.9
H.264 encoder. For simplicity, we further define a CU to be the CIhr'on;Z \I/nter;;glauon 5 833367.3 1?563
computation consumption by the SAD operated on a 4x4 block, nit. predictors :

. . . Fast Integer-pixel ME 22537 63.8
and then scale the computation consumptions of other basic .

. . . . Fast Sub-pixel ME 3650 10.3
operation units as the multiple of CU. According to Table I, we can Motion Comp 36 01
easily achieve the number of CUs as well as the required operation éKIP 1284 3:6
cycles at a particular complexity level for the real-time video Pl6x16 6932 196
encoding. P16x8 7288 20.6
2.2 Problem Statement Inter P8x16 7288 20.6

Prediction P8x8 8000 22.7
In virtue of above quantitative complexity analysis, it is possible to P8x4 9424 26.7
realize accurate computational resources control. Actually, the key P4x8 9424 26.7
point of encoding complexity control is to design a complexity P4x4 12272 34.8
adjustable encoder to satisfy the resources constrain meanwhile Intra 116x16 107856 288
achieve the optimal RD performance, which involves two Prediction l4x4 193408 548
problems. The first one is how to allocate the available _ | I8x8 37824 107
computation resources to different frames and/or coding modules Deblocking Filter 2798 8

to make sure that at any time the workload of processor would not *Note: The postfix “ MxN” in the sub-function’s name
exceed a given upper. The second one is how to utilize the limited indicates the count unit. The default count unit is one MB.
computational resources to achieve minimum sacrifice of RD

performance.

As for the first problem, the encoder may suffer from either the overflow or the underflow in terms of the computational
budget. The overflow occurs when the actual encoding of a frame costs too many computational resources. Thus the
encoding delay may exceed the given maximum delay of transmission/rendering. In this case, jitters occur due to the
dropping of the following frame. The underflow occurs when the actual encoding of a frame costs too few computation
resources. Thus the processor may be in the idle status for some time before the next frame arrives. The processor idle
may save power consumption due to encoding current frame. But in consideration of the optimization of the overall
coding efficiency, it is unnecessary to make the processor idle. In this case, it is better to allocate more computation
resources to current frame to enhance the coding performance.

As for the second problem, the adjustment of the different coding modules has the different RD coding gains and the
different complexity changes. For example, in the ME process, the adoption of quarter-pixel MV has the different
impacts on the coding efficiency in terms of the different video contents and/or the different rates, however the encoding
complexity inevitably increases in any case [10]. Moreover, in the mode decision processing, the complexity increases
linearly with the number of employed coding modes, however, the coding gain mainly comes from only a few modes
[11]. In any case, we prefer to allocate more computational resources to the modules with larger impacts on the coding
efficiency benefits. As we know, the relationship of complexity, rate and distortion varies in terms of the video contents.
To avoid using the time-consuming content analysis algorithms, we propose to decide the current coding parameters in
terms of both the current computational budget and the conditions of coding previous frames. Thus, it is unnecessary to
model the complexity-rate-distortion relationship.

Based on above discussion of basic ideas, the proposed practical solutions will be described in the next two sections.

3. COMPUTATION ALLOCATION MODEL

In this section, we describe the proposed CAM with VCB, which is used for the optimal allocation of limited
computational resources to each frame. Associated with the Hypothetical Reference Decoder (HRD) model in the H.264
codec [18], the proposed CAM can be conveniently integrated in existing H.264/AVC coding framework.
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3.1 Virtual Buffers

In order to describe the schedule and allocation of the computational resource, we employ the VCB at encoder side. The
count unit for computational consumption is CU(s) defined in section 2. Inspired by the leaky bucket model of HRD, we
also employ a virtual leaky bucket model to describe the temporally changed condition in terms of the computational
costs. We employ two virtual buffers, i.e. encoder bit-stream output buffer (BOB) and decoder bit-stream input buffer
(BIB), to describe the coded bits schedule of encoder output and decoder input respectively. Thus, the scheduling of
computational costs of a frame in the proposed CAM has the identical temporal phase with the scheduling of coded bits
of the same frame in the coded picture buffer (CPB) of HRD, as shown in Fig.1. The relationship of CAM and HRD
virtual buffers as well as the operations on these buffers is described as below.
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Fig.1 Illustration of the HRD and CAM. (a) HRD leaky bucket bounds in the CBR case; (b)BOB at the encoder; (c)BIB at
the decode; (d) CAM leaky bucket bounds in the CCR case; and (¢)VCB at the encoder.

A generalized HRD leaky bucket model is illustrated in Fig.1 (a) [18]. In the left part, the shaded arca between the
encoding schedule (i.e. the staircase) and the later/lower leaky bucket bound (i.e. the straight line) indicates the encoder
buffer fullness. In the central part, the schedule for packet transmission and reception is illustrated. In the right part, the
decoding schedule and its leaky bucket bound are just the shifts of their correspondences at the encoder by a constant
delay D. The shaded area between the earlier/upper leaky bucket bound and the decoding schedule indicates the decoder
buffer fullness, which is the complement of the encoder buffer fullness in the case of constant bit-rate (CBR) coding.
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The BOB is assumed at the output side of encoder, as shown in Fig.1 (b). Assume that the origin video sequence is
inputted into encoder frame by frame with constant frame rate Fr. For the inputted data S, of n™ original frame, after
constant delay D, seconds, the coded frame with the number of bits b, finish moving out of encoder, and at the same time,
the consumed computation ¢, for coding this frame was added up to total computation consumption, as shown in Fig.1
(d). Note that, the input of origin data S, into the encoder and occupying allocated computation can be regarded to be
completed instantly at the moment (n-1)/Fr. And the movement of the coded bits b, for whole n" frame from encoder to
BOB is instantly completed too. These assumptions are reasonable, because both the memory copy operation and the
proposed computation resource allocation algorithm are with very low overhead and the execution time can be ignored
comparing with other time-consuming encoding modules. In order to avoid the under flow and overflow of the first
coded frame, the max coding delay D, must satisfy that: 5y/R<D.<B./R, where B, is the max buffer size of BOB, and R is
the average output bit-rate.

The BIB is assumed at the input side of decoder, as shown in Fig.1 (c). Assume that the movement of the coded bits b,
for whole n™ frame from BIB to decoder is instantly completed. It is obvious that BIB is identified with CPB in HRD.
And BIB is a mirror of BOB about the time axis with a constant delay. Note that, the start time of BIB output has a

constant delay (&+D,) comparing with that of BOB, where D, is the max decoding delay time. In order to avoid the

underflow and overflow of the first coded frame, D, must satisfy that: by/R<D,<B,/R, where B, is the max buffer size of
BIB, and R is the average input bit-rate. For simplicity, we could assume that: B,=B,=B,,.., D.=D,=D.

The leaky bucket bound of proposed CAM, in the case of constant computation rate (CCR), is illustrated in Fig.1 (d).
Line CI is the lower bounds, below this bounds means VCB is idle (underflow). Line Ch is the upper bounds, above this
bounds means VCB is overflow. The slope is computation rate Cr. Note that here Cr is the peak computation rate, and it
is constant for settled hardware platform. Though the total amount of power supply is decreasing with the lapse of time,
but the computation property is relative stable during a period. So we can describe the model under the assumption of
CCR. As for the case of variable computation rate (VCR), we could regard it as piecewise CCR.

Proposed VCB at encoder side is illustrated in Fig.1 (e). Assume the max buffer size of VCB is C,,,, and the max
encoding delay is D, thus C,..= D-Cr. Also assume that: Ta(n) is the time when the n™ frame arrives the VCB and
encoder; Ts(n) is the time when the n™ frame starts encoding; Te(n) is the time when the n™ frame ends encoding; Tr(n)
is the time when the coded n™ frame is removed from the VCB and BOB. Obviously, the encoding time schedule in
CAM for each frame has the same phase with that in HRD. Suppose the buffer fullness is C, when the n™ frame arrives,
and the required computation cost of the n™ frame is ¢,. Apparently, we get Ta(n)=(n-1)/Fr, Ts(n)=Ta(n)+C,/Cr,
Te(n)=Ts(n)+c,/Cr, Tr(n)=Ta(n)+D.

3.2 Adaptive Computation Allocation

In order to avoid the overflow of the VCB, we must guarantee that the removing time of n™ frame is not earlier than the
ending time of encoding this frame, i.e. 7r(n)>Te(n). Combining with former formulas, we get ¢,<D+Cr-C,. In order to
avoid the underflow of the VCB, we must guarantee that the VCB would not be idle, i.e. Ta(n+1)<Te(n). Combining
with former formulas, we get ¢,>Cr/Fr-C,. Theoretically, suppose the maximum and minimum computational cost of
coding current frame are C,,,, and C,,;, respectively. Thus, we get the upper bound of VCB U, is min(D-Cr-C,, C,,.), and
the lower bound of VCB L, is max(0,Cr/Fr-C,,C,;,).

Assume CL, . is the estimation of complexity level for current n™ frame (will be discussed later); ¢ ysea(CLyes) 18 the
actual computation consumption for k™ frame recently encoded with the same complexity level CL, ., (k<n). Finally, the
allocated computation for current frame c,, 4, is the medium among ¢y, 50a(CLy e5), U, and L.

4. COMPLEXITY ADJUSTABLE ENCODER BASED ON H.264

4.1 Framework

As discussed above, the ME and MD are the most time-consuming modules in the hybrid video coding framework.
Typically, in H.264/AVC standard, multiple prediction modes with variable block-size, multiple reference frames, and
fractional MV resolution are employed to achieve more accurate prediction and higher compression efficiency, while
result in great increase of computational costs as well. In this paper, we propose a complexity adjustable H.264 encoder,
aiming at the optimal complexity adjusting of the ME and MD modules, to achieve efficient coding under a given
complexity constraint.
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At the frame level, complexity-adjustable motion estimation (CAME) algorithm with optimal search path is proposed.
The ME search path and termination point selection are based on rate-distortion cost function and available computation.
Since the proposed CAME method may skip sub-pixel MV without hurt on rate distortion performance, the interpolation
operation in motion compensation module that consumes largest computational costs at the decoder is skipped
accordingly. So, proposed encoder scheme also has great potential for reducing the complexity and power consumption
in the decoding system without any change on existing decoder.

At the MB level, complexity-adjustable mode decision (CAMD) algorithms based on RD optimization in optimal search
order is proposed. The search order and termination point selection is based on simple spatial and temporal correlation
statistics and available computation.

By the hierarchical adjusting scheme, fine scalability of computation consumption can be achieved. Proposed CAME
and CAMD algorithms refer to coding history, such as RD costs of different ME complexity level in previous frames and
the probability distribution of the best mode in neighboring MBs, which implies the spatial and temporal correlations of
video content. So it can adaptively and efficiently allocate limited computation resource to most valuable region with
low overhead.

4.2 Complexity Adjustable Motion Estimation

An efficient FME scheme [5] is adopted in current H.264/AVC reference encoder. By the convenience of early
termination technique based on zero-block detection, the complexity is reduced without hurt of RD performance. In
general, the FME algorithm for integer pixel can be separated into three steps: finding an initial searching point by MV
predictors; refining the initial searching point by using various searching patterns; and refining the MV by using a small
search pattern around the refined searching point. Wherein, the second step costs the most computations because it has to
check a number of candidate searching points. However, we observe that the first step can get a MV with sufficient
accuracy in most case, i.e. we could also get the best MV with similar RD performance even when we skip the second
step in this case. Nevertheless, the second step is still efficient for those video sequences with complex motions and
textures. If we could predict that the second step would not give significant gain, we could just skip it. Obviously, the
fractional MV resolution ME has similar features. Based on above thinking, we separate the fast motion estimation in
H.264 encoder into two paths with four termination points, as illustrated in Fig.2. The operations indicated by A, B, C, D
and E, as defined in the commentary.

RD_Cost
A: DPCM

B: Reduced Integer pixel ME

C: Integer pixel ME

D: Reduced Integer pixel ME+ sub pixel ME
E: Integer pixel ME+ sub pixel ME

A

E -
Computa;ion

Fig.2 Relation between RD cost and computation in FME

Now the problem becomes how to select the path and termination point according to the given computation capability.
Obviously, the path with bigger slope indicates more coding gain per computation. Therefore we should always select
the path with the bigger slope. We take Lagrange RD cost function as the performance cost measure for ME. Typically,
the objective rate-distortion cost function is defined as [19]:

']motion (m7 C) = WIEI(QL){SAD(MK’ m) + AR(MV;’ m } (1 )
where (J(c) is the set of candidate MV for mode m under a restriction of available computation c. However, we cannot
get the cost for computation and performance at each step prior to the coding of the current frame. Based on statistics, we
observe that the actual computational consumptions for SAD calculation and the RD cost in two succeeded frames with
the same ME search path and termination point (i.e. the same complexity level for ME) are very approximate. Therefore,
we employ the actual cost of the previous frame to estimate that of current frame.
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Thus, the path selection criterion can be defined based on the ratio (Ji(B)- Ji(C))/ Ji(B), where J;(X) stands for the overall
RD performance cost of the i frame at searching point X. If the ratio is less than a threshold, the path A-B-D can get
almost the same RD performance as path A-C-E, but has less computational cost. Within a selected path, a similar
choosing algorithm can be used to decide the termination point.

Note that, in order to assure the least sacrifice of RD performance, we assume that the allocated computation budget is
enough for the initial ME search path selection, as illustrated in Fig.3 (a). When this assumption is not satisfied, i.c.
actual computational resource is insufficient, we have to trace backward to a certain point to meet the computation
constraint, as Fig.3 (b) illustrated. The performance loss is inevitable when we trace back. Nevertheless, we need do the
most efficient ME with limited resources.

J(B)-d(C)

N .
L - D available && -
ACE= = slope(AD)>slope(AC) AT ABD

UB)

Y N

Path = AB Path = ABD ‘ Path = AC ‘ ‘ Path = ACE ‘

(a) Initialization (b) Trace Back
Fig.3 ME search path selection

4.3 Complexity Adjustable Mode Decision

H.264 encoder employs complex mode decision technique based on RD optimization [9]. As shown in Fig.4, we find
that the computational costs for RD-cost calculation of intra modes are quite different from that of inter modes, let alone
the additional ME or DCT modules. However, based on the statistics [10][11], the RD performance gain saturates for
only few modes. Therefore, it is possible to reducing MD complexity without hurt of RD performance by selecting only
part of optimal modes to do searching.

sKIp P 16x16 P 16x8 P 8x16
INTRA4
Pxu1b=144
% o+ 16 o+ 16+ 16 = 64
luma:9modes 8x8 F O T

I“_T’;Am >< SUBSx3 D El D] Bﬂ

Chroma: 4 modes DElD]EE‘ 16 \s e
4x16=>64 DEH]]BH )
luna:modes DE”]]HE‘ "

‘Total = (144+648) x 4 = §32

Total = 6G4+64 =128 ‘

(a) Intra prediction (b) Inter prediction (with one reference frame)
Fig.4 Maximum number of RD cost computing (Basic count unit is 4x4 block).

The consequent problem is how to select those optimal modes adaptively and efficiently. The modes distribution based
on RD optimization is not stable and has close relationship with the video content and quantization steps. As shown in
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Fig.5, for sequence “foreman”, inter modes are dominant in the central area with active motion, and the number of SKIP
mode is increasing with bigger quantization steps.

= 0.7
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0.5 mAQF24
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ke = OQP36
0.2 m 0P40
0.1
0
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K4 Q’\b Q'\ QCD < \f'\rb ~
(a) Various content (b) Various QP

Fig. 5 Distribution of different modes ( QCIF sequence “foreman” ).

However, we notice that, because of the spatial and temporal correlations of video content, there exists some
comparability of the optimal modes between neighboring blocks, regardless the variety of video content and quantization
steps. We partition all the modes into 4 mode sets: SKIP, INTER16 (P16x16 to P8x16), INTERS (P8x8 to P4x4), and
INTRA (I16x16, 14x4). Experimental result in Table 2 shows, between the most frequently appeared mode set in 13
neighboring MBs (as shown in Fig.6(a)) and the one selected by RD optimized MD for current MB, over 50% match rate
is achieved.

Frame N-1 Frame N
M1| M2 (M3 M10| MI11[M12
M4| M5 M6 M13| X
M7 M8 M9 B
(a) Neighboring MBs (b)Boundary Pixels

Fig.6 Spatial and temporal neighboring 13 MBs (M1 to M13) of current MB X

Table 2: Average Match Rate.

Seq\QP 24 28 32 36 40
Akiyo 92% 96% 96% 97% 98%
Mother 67% 64% 71% 78% 85%
Salesman 71% 77% 80% 83% 88%
Coast 68% 73% 62% 65% 78%
Foreman 53% 54% 57% 57% 60%

In proposed MD algorithm, we give the mode set with higher appearance frequency prior search order, as shown in Fig.7.
If the remainder computation is not enough, the remainder mode search is terminated. In virtue of the early termination
technology in FME, the best mode with sufficient accuracy might be got during the earlier search process and skip
following mode search even when the available computation is enough.

In order to avoid making mistakes at beginning, we always do full search in the first P frame of one GOP. And with
consideration of sudden change of spatial or temporal correlation caused by scene change or the like, we take the
boundary pixels’ mean absolute difference (BPD) between current MB and its 13 neighbors, shown in Fig.6 (b), as the
spatial or temporal correlation measurement. If the BPD value of current MB is over K times than the average of that in
previous frame, we should take the INTRA as the prior mode set.
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RD_COST
A: RDO mode decision with copying co-located MB

B: RDO mode decision with prior one mode set
C: RDO mode decision with prior two mode sets
D: RDO mode decision with prior three mode sets
E: RDO mode decision with all mode sets

E

Computaion

Fig.7 Relation between the mode search cost and computation in RDO mode decision with optimal search order

5. EXPERIMENTAL RESULTS

We implement the proposed video coding scheme based on H.264/AVC reference software JM10.2 (baseline profile)
[20]. The test sequences are QCIF format in different content, encoded as “IP...P” structure at 30fps with RD
optimization, fast ME and rate control “ON” by default. For different target bit-rate (64/96/128/192/256 kbps),
simulation experiments have been done under the constraint that the target computational complexity varying from
1000k to 50k scaled CUs.

We compare proposed algorithm with a simple complexity control algorithm named complexity average control (CAC).
The CAC always averagely allocate the computational resource to each frame, MB and mode according to the block size.
From Table 3, we can see that under the same bit-rate condition (64/128/256kbps), with 75% reducing of available
computation, PSNR decreases only 0.1-1.1db by proposed scheme, while 5-10db by CAC; with 95% reducing of
computation, PSNR decreases 2-6db by proposed scheme, while 5-15db by CAC.

Table 3: Coding Performance Compare.

Bit- PSNR(db) — Proposed PSNR(db) - CAC
SEQ | Rate Available COMP (Scaled CUs) Available COMP (Scaled CUs)
(bps)

1000k 750k 500k 250k 50k 1000k 750k 500k 250k 50k
64k | 36.81 36.75 36.73 3573 33.51 | 3240 3240 3240 27.82 2742

El(;r::_ 128k | 38.72  38.68 38.67 37.69 3436 | 34.07 34.07 34.07 2887 27.42
256k | 40.9 409  40.87 3989 3544|3594 3594 3594 3086 27.66
64k | 38.61 38.61 38.58 3848 37.68 | 3846 3722 3722 3326 3325
rSne;l;cls- 128k | 41.08 41.08 41.04 40.05 39.65 | 40.82 38.47 3847 3326 3325

256k | 44.38 4438 4437 4433 42.83 | 44.09 4140 41.40 3326 33.25
64k | 4293 4293 4289 4278 41.1 | 42.87 4287 39.53 3518 35.18
Akiyo | 128k | 4595 4595 4594 4587 4398 | 4594 4589 42.06 35.18 35.18
256k | 49.09 49.09 49.01 48.95 48.02 | 49.01 49.01 4535 35.18 35.18

As shown in Fig.8, proposed scheme could achieve fine scalability of available computational complexity in a wide
range (1000k/750k/500k/250k/200k/150k/100k/50k CUs), while maintaining stable coding efficiency. For most
sequences, with 80% reducing of available computation, PSNR decreases nearly imperceptible. For active motion
sequences such as “Foreman”, with less than 20% computation, PSNR decreases visibly because of the increasing of
SKIP mode MBs. But the PSNR always vary smoothly between neighboring frames, as shown in Fig.9. So the subjective
perception is still acceptable.

Fig.10 and Fig.11 show the subjective result of “salesman”. Left picture is the coding mode map, lighter block means its
mode type consumes higher computation; right picture is the reconstructed picture. Notice that, when the available
computation is not sufficient for full modes search for each MB, proposed method prefers to allocate more computation
to those areas with more active content. For example, the motion activities are decreasing from the area of the hands, the
face, and the shadow on the desk to the area of the static background. We notice that, with the decreasing of available
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computation, the disappearance of the mode sets with higher computational costs (brighter blocks in the mode map) is
just in inverse order of its area’s motion activity. What’s more, the objective and subjective perception is approximate
even when the computation reduces 75%. When the available bandwidth and computation state are both very poor, e.g.
under the condition of 10% computation and 64kbps bit-rate, proposed method prefers to code most MBs as SKIP mode.
As for the extreme lack of available computational resources, all the MBs would be coded as SKIP mode, which is equal

to drop current frame adaptively without any additional detection.
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Fig. 8 Computational costs vs PSNR under
different bit-rate.

Fig. 9 PSNR of 100 frames under different
computation constraint (64kbps).

6. CONCLUSION

In this paper, we have presented a joint power distortion scheme for real-time H.264 video coding under the power
constraint. We firstly translate the constraint of power supply into the constraint of computational costs. Then allocate
constrained computation based on proposed CAM. Finally, adjust the computation to meet the allocated resource based
on proposed complexity scalable encoder. Both the subjective and objective experimental results show that proposed
scheme could achieve optimal RD performance under power constraint in a wide range with low overhead.

Proposed scheme can be applied to any existing H.264/AVC encoder and is compatible with any standard-compliant
decoder. Proposed CAM has the convenience to incorporate rate control based on HRD model such as [4]. What’s more,
it is easy to incorporate error control in the proposed scheme by support some error resilience tools such as slice partition
[21] and post-processing error concealment methods such as [22].

Proposed complexity scalable encoder can achieve fine scalability of coding complexity by hierarchical adjusting. At
frame level, complexity adjustable fast motion estimation with optimal search path is used. And at MB level, complexity
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adjustable mode decision based on RD optimization with optimal search order is used. Proposed CAME and CAMD
algorithms take the advantages of spatial and temporal correlations of video content. So it can adaptively and efficiently
allocate limited computation resource to most valuable region with low overhead.

Since proposed CAME algorithm might skip sub-pixel accuracy motion estimation in encoding and the consequent
interpolation operation for motion compensation module in decoding, proposed encoder scheme also has great potential
for reducing the complexity and power consumption in the decoding system without any change on existing decoder.

(a) 1000k COMP, 37.70(db)

(c) 250k COMP, 37.62(db) (d) 100k COMP, 36.80(db)
Fig. 10 19" frame of “salesman” under 64kbps

(a) 1000k COMP, 42.08(db) (b) 500k COMP, 42.03(db)

(c) 250k COMP, 41.97(db) (d) 100k COMP, 40.43(db)

Fig. 11 19" frame of “salesman” under 256kbps
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