S

mE

LR, BEERS A R R, WINRRE. A5 Je A 153 58 e di,
RN G HR M  FR R FURR M DA R I 455 A8 A 25 T 52 B M B B ) R e itk 5 2
Yo SR, PUE RS 2350 715K 2 BT 0 SRR B — . KR BN T B AT N R % 5
el FEHXT IR Z RN AR, HNBBER AR, HILNERIEAR
Tt R A AL G HC 5 S A SR SRR 4R VR0 O SR AN v 5 ) . 3k 8 ) i
— B RSN TR R A5 i) g AR SR N R R A RS B S AT AR . EE XS Bk ), AR
DAY 25 [ 3& SRS 24 ) 5 i R L R, G652 24 P 25 2% At TS R 23 42 i T s 49 D
A BT R RS, BRI THS 355 7 Vo0 ) 25 22 S RN SR AL & i g g, gk
P i i 2R s 7E SL bR S R B . AR SO F EEDTER AT

(1) ARSCHEH T 56T 28 SRR AE 51 5 HTR A AU gm A B R ikl T ik, BT X ARAT Y
BRI AN 22 T R I A, G A R TG R A AR, FR T TR RN A
TENBE ST XTI T G, FR T BT AR S 3 T N R R s, A TR
B QU J M RHE S SO AU RRAE A S AR AR 2R, FF R S 1) &2 (B A HE S it
B FARTY o STt (B O G, BT T SRR 51 S i ) AT e . B
SR TG, R ey 28, JEREAIHE SRR, BT SRR AU g i R 2
Ty REe, FRE AN R BL o BT T 3 o E1X 2 S5 il o g, 1R T
BT AEMUERNRREAENES, DUENEERNISHERR. £ LRERES R
SREBMIERN b, dE PR TR T R R AW LR AR AL, @ R A U LR
SIC, FRAEEHALS A Rt EAD SR S, DL TR v 00 R 2R 45 ) SR T g b
R, SLIREE R, BT E, %A E IR R S A R 7 TH 3 B
TR AT VVC S E M REHIE, EREVIEABE T A5 1.99%
I 254 TR0 3R 22 FRAIK 0.18%, (EARIEIR B Mific & T I sZH 0.45% IS4 .

(2) ASCHEH T H TR RG] S 4 G GR D 0 R P 51k, X g
B R L S A TR 2K I, Gl SR B R S SIS, 'E
Heh 2R s S DR TR 5 o 2% 7 25 T 17 g 8 o o 26 OO 48 AT R HE 2, BB o Py PRI A R R 2
il T PR 23 428 1 R LU ARE 20 =N 7 T T R A BE X BEME, Fe it 72 TR
A g A BRI S, @A T BRI SR - B SRR, AR
BEERANAERIE, DU A THE R S5, AT SCH N 2 B I8 B AR HE S S0
i (] AR, B T TR 4 T I ot ) BER AS R s h  EET i [) BHR R R R RN
FRMIEDL, @A T R R BB 5% -EASHEA, JE— D3 o B BuE 0

I



EFCR AR A AR S

M2 -EAASHTY, DURF Y S P et . 76T EA B It b, R Cgmigmif 4
THEE, FRHBE T B SO B SR AT IR WIAE T, (A A Al 0% B A0 P 25
A ARWHEEE, IR TG Mg e ashl . 6T T, BT T ST A R Sk AR
(NRE RN INEZY o8 AT AR E A ot 5 M Wy R A LT P BN e X A A RPN =TV A i e
Megs . &fa, WIESMR SER-BESHB T HEN S TREREY, %
J5 iR S LA kG FE D e g ], P ER 22N 0.56%, AR L 7 15T 35 B A
HEIT 4.18%; FEAH R BT & 261 T T SEBLEE I 8.94% HITS T4 .

(3) ARSCHEH T 5T 200 5 JR AT R P SR ik F2 (AT 2 42 1) 7792, X AT PN 28 ik 3
AR )RR, @A A R R A AT, SEI T R A B AR 2 TE R B R 11 G b
A B, BEURE N MR LR ) o AR e B T A B A R SR ] R . B
PR, BRARE AT RAEMAMAREE, EEHHE. 2 S5F KRB EWH T
Bt 5 BIRAE . RS HA A AAE B S minE BILFEME. S7ER @ SN B
TES, ML R RS e BT T AR R R d AR, PR
TF 73 TRl aE S R Ry ik, LSl il 51 v sk . A [R] IR I Fe it py S0
5t 1) SR S, BT AL v B SR T 265 5 AN I 205 320 SR DSk 4 ) o 0 SR I 28, 3
FIN T JE VA — A AR i RN 5 S BV 2R RS, SR PRI AR AR e . YIIZR
3R FH U AR 8 P55 1 o M SRS Ao 88 s, FEId P AL B 9 2 AT A B o, DAAD
Hlm i 2 . teah, EWIE T ARACERNUR], ALHEIE T IS ELI R BR A
PRI 73 ECATL 1) DA S IR A S e SR LR, DAORAIE I -5 HE 3 2 s A2 T 24 o
HARETHERTE . IR RR I, Z AR BT LU 2 e R et — 3 T gmhY
WA, SHAWIEM, ZEEEEE Y LR T 2031571 4.86% HIRSEAT4,
122 R E AR SR AR T 23R8 15 5.89% ML R4 . Hhah, B2 T4 R EE
SRS, 7 R T TR ER S IR R, P IR RR E KR 0.22%.

R MR, AR EHEN, WSERAE, R, AR Rk

IT



ABSTRACT

Research on Content Adaptive Rate Control

Longtao Feng (Computer Applied Technology)
Directed by Prof. Siwei Ma

ABSTRACT

Over the past decades, with the rapid development of mobile devices, video acquisition,
processing, and editing have become increasingly convenient, making video content exhibit
greater complexity and diversity in terms of statistical characteristics, rate-distortion charac-
teristics, and temporal variations. However, most existing rate control methods are designed
and optimized for video content with relatively simple types and characteristics. When ap-
plied to complex and diverse video content, these methods tend to exhibit insufficient content
adaptability and suffer from problems such as inadequate content representation, rate control
model mismatch, large errors in parameter derivation, and inefficient global resource alloca-
tion. These problems further affect the rate control accuracy and coding efficiency of rate con-
trol methods in practical applications. To address these issues, this thesis focuses on content
adaptive rate control methods. It systematically investigates the key challenges of rate control
for complex and diverse video content. This study aims to improve the adaptability of rate
control methods to content differences and temporal variations, thereby improving rate control
performance in practical applications. The main contributions are summarized as follows:

(1) This thesis proposes a spatio temporal feature guided rate control method for hybrid
video coding. To address the problem of enlarged differences in video content characteristic
distributions, the proposed method improves the content adaptivity of rate control by construct-
ing more effective content representations. For intra pictures, an intra rate control guided by
spatial features is proposed. A spatial feature set is constructed to characterize texture complex-
ity and texture regularity, and support vector regression is employed to derive the intra rate-
distortion model. For inter pictures, an inter rate control guided by spatio temporal features is
proposed. For single reference inter pictures, the proposed method first classifies picture and
then derives corresponding models for different categories. An inter picture type classifier is
first constructed based on support vector machines, and model predictors are then established

for different picture types separately. For multi-reference inter pictures, a rate-distortion model
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derivation based on content similarity is proposed to adapt to more complex reference relation-
ships. Based on the above accurately derived rate-distortion models, a rate-distortion model
based bit allocation optimization is further proposed. By optimizing the initial bit allocation
and computing rate control parameters based on the models and the allocation results, the
proposed method achieves more accurate rate control and improves coding efficiency. Exper-
imental results show that, compared with competing methods, the proposed method achieves
better performance in both rate control accuracy and coding efficiency. Compared with the
VVC reference rate control method, it achieves 1.99% bitrate savings and reduces bitrate error
by 0.18% under the random access configuration, and achieves 0.45% bitrate savings under the

low delay B configuration.

(2) This thesis proposes a latent variable guided rate control method for neural video cod-
ing. To address the problems of rate control model mismatch and enlarged parameter deriva-
tion errors, the proposed method improves rate control accuracy through more accurate model
construction and parameter derivation. The method is developed for end-to-end neural video
coding frameworks and systematically investigates three aspects: intra rate control, inter rate
control, and bit allocation. For intra pictures, a latent variable guided intra picture rate control
is proposed. A rate-distortion model and a rate-quantization parameter model are established,
and latent variables are used as content representations. These latent variables are then used
as input to estimate the model parameters, which enables content adaptive model derivation.
For inter pictures, an inter picture rate control based on online updating is proposed. To ad-
dress the more complex rate-distortion relationships of inter pictures, a rate-distortion model
and a rate—quantization parameter model are established, and a two-segment logarithmic rate—-
quantization parameter model is further proposed to improve rate control accuracy. Based on
the established models, the parameters are updated online frame by frame using the statistics
of previously coded frames. Gradient descent is adopted to perform the parameter update.
Through this online update mechanism, the models can continuously adapt to content varia-
tion and be used for subsequent inter picture rate control. For bit allocation, an optimization
problem is formulated based on the established rate-distortion models, temporal dependency,
and empirical constraints. Frame level bit allocation is efficiently obtained using an evolu-
tionary algorithm. Finally, the quantization parameter is calculated based on the allocated
bits and the rate—quantization parameter model. Experiments demonstrate that the proposed
method achieves highly accurate rate control, achieving an average bitrate error of only 0.56%.

Compared with existing methods, it reduces the average bitrate error by more than 4.18% and
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achieves over 8.94% bitrate savings under the same quality.

(3) This thesis proposes a rate control method based on a Constrained Markov Decision
Process (CMDP). To address the problem of increasing temporal complexity in video content,
the proposed method achieves more efficient bit allocation and higher coding efficiency by op-
timizing global resource allocation. First, frame level bit allocation within a group of pictures
(GOP) is modeled as a latent variable based CMDP. Specifically, latent variables are used
to represent video content information, while bitrate budget, quality and rate-distortion priors
are used to characterize video coding information. The state is constructed jointly from the
video content information and the coding information. The action is defined as a proportional
adjustment signal, whose output range is constrained by design. Based on the constructed
CMDP, a reinforcement learning based rate control is further designed to perform cross frame
sequential decision making. To simultaneously accommodate intra and inter pictures, both the
policy network and the value network adopt a dual head architecture. Layer normalization is
introduced into the policy network to alleviate the risk of gradient vanishing caused by output
saturation and thus improve training stability. The training method adopts the twin delayed
deep deterministic policy gradient algorithm, and two value networks are used for value esti-
mation to suppress overestimation bias. In addition, a set of constraint handling mechanisms is
designed, including proportional action constraints, a GOP level minimum allocation mecha-
nism and an effective training sample screening mechanism. These mechanisms ensure budget
compliance during both training and inference, while also improving robustness. Experimen-
tal results show that the proposed method can effectively improve bit allocation efficiency and
further improve coding efficiency. Compared with other methods, it achieves average bitrate
savings of at least 4.86% in terms of peak signal-to-noise ratio and at least 5.89% in terms
of multi-scale structural similarity. In addition, benefiting from the constrained formulation
and the proposed constraint handling mechanisms, the method further improves rate control

accuracy, reducing the average bitrate error to 0.22%.

KEYWORDS: Rate Control, Content Adaptive, Spatio Temporal Feature, Latent Variable,

Constrained Markov Decision Process





