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Abstract: To enhance compression efficiency for image transmission in bandwidth-limited communication scenarios, a
learned image source coding method based on multidimensional high-order nonlinear transformations is proposed. First,
the serially stacked linear and nonlinear operators in learned image compression are formalized as a general representa-
tion of high-order nonlinear composite functions, and the limitations of existing transformation methods are analyzed
from the perspective of Taylor expansion. Second, a multidimensional high-order nonlinear transformation module com-
posed of multiple pathways is designed. In this module, the channel pathway constructs a high-dimensional channel do-
main and introduces multiplicative fusion to form cross-channel high-order feature terms, while the spatial pathway inte-
grates directional convolutions with multiplicative fusion to enhance structure and texture modeling, thereby improving
high-order spatial expressiveness. Finally, the features from the channel and spatial pathways are combined in a
Taylor-like manner, and the module is incorporated into a learned image compression framework for end-to-end training.

Experimental results demonstrate that the proposed method achieves notable improvements in rate—distortion perfor-
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mance while maintaining lower parameter and computational costs."
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SIATEATAL TE, AT SRS B R 2R Ak . AR AR
Uiy, AL B TER NSRS TR ) A R
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L AUM MHNT B . 1525 T MHNT [ 58 JE 42
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JESUE TSR ITVE R R, A SCHESG — LI
BTS2 5 MR YIZRBY Bl w2 )
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pression, CLIC) WJ'E /7445, FBE L& 8715 3
247,576 5K R~} 3x256x256 (I REA . IR
BX % FH KodaK A1 Tecnick P4 ANk E £ 38 #2 . Hoop
Kodak 1 24 7K 3x512x768/768x512 [t H 2R K14,
Tecnick £ 7 100 5K 73 3% Z 4 3x1200x1200 1) H 28
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AR SO LIC AT 38 A VP i B 2Y, RS
VRS ) T E BT S B R EERE VY, Rt s
RN TCLAG T8 5 L S o i . 76 I 2R SR 7
[, FrAREMIHEET CompressAl HEZESZEL, 1)1k
W N 100, batch size N 16, WU 21 RN 1x
104, JRAEZE 40 F1ZE 80 4™ epoch 73 il 4 ek 22 Ji7 K 1)
0.5F10.2. M LIC HIE, ASCEXT TR
7 (mean squared error, MSE) 1% & 25 #4) #H A8
P (multi-scale structural similarity, MS-SSIM)
KKER AN G2 AR, Hd, MSE 1A
HU {5 A {0.0018, 0.0035, 0.0067, 0.0130, 0.0300,
0.0483}, MS-SSIM [ 4 HU1H N {2.4, 4.58, 8.73,
16.64, 31.73, 60.50} » PEREVFN 7 1HI, 4 AR &
1% & LR % (bits per pixel, bpp) « U4 {H 15 Lk
(peak signal-to-noise ratio, PSNR) #1 MS-SSIM i
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“IRTTHE” . BEJGAE Kodak 5 Tecnick P~ L&
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Ba02025P7), Tan20251%D),
T He2022 (AR AR et = = B 4L 3 B 1)
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=33 Minnen2020 (ICIP)
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0.3
bit per pixel (bpp)

ResBlock M #5 T  IHH i, N PRIE LR 2
S B 2 A 2R AR 4 ) MHNT 20 [ 2 4 2.
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He2022 1 4 155 11U 7 7 [A] 5 0030 48 FE E B A B
HBLRE S, COAHRE AT REAT T 7850 R 46, (E AT
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AR AR — P IR TR ISR B, T 2
FH WG AR eI G AR, (ER AT (f
PSR WIB6E S 5 R BLCR 5 A Fa g s [,
MHNT 3R ] 2 73 SOk it £ DA A% 2 ) A i
I, BRI T R A SRR EE S TR 73 ST AN
il R BB BBl I 51 R B E i 1 F 20l 2k

*1 LIC JE& M TR = 3 M B REL 3
A WARiA Z Y= BD-Rate T RSN T = 2 X 1 Y 2 LT TR o TR )
ResBlock!™! 663.936 K -9.327% 10.872 G 89.0 ms 126.7 ms 20.9 ms 68.1 ms
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(-14.065%) . HFZJFHFAET: MHNT K IRE ]
NEGREG RN, AT ERZRNT
BT TTAY, Rk MACs A HL 3 ThRuE 5 iR S
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I TE T 7 [R) TS SR FH 4% B A G R SR LR il
5% 2 ResBlock f1 SMCCT #ih AH L, S HUM A5y
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BRRFHIULIA A1, BT T Rl S 56 3 7E Kodak $U# 46 I
SERCEI . IR LS RN 4 R

M AT DL B, 7R BT A R A o 5N
MHNT J5 33843 7 Fa e %k )k Re e . i,
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REJISZ B, MIMsEm &R 4itEme. ook, 4
KA 11 BT IEE TR, R E MR
WTHE TR, FREET, @il X HEEE
e PR TE 4 P AT 2 B m P R R AR
BT F4E, SRR R BIBRE], S (8]

6 ANFEITHECE T BT RS

i EPIR, AR RER Y, EiE S A E
B o S RESE THPERE X SR A R 2
MHNT ZCR e, JEon 1 Hmfr @ e /1 43 e
Ao WO HOH Bl E—PUEW] T DW . K
AR UL SOEIE T4 SR YRR I A TR B
Mg BILIF UL W) MHNT ) 45 14 B 76 4% 2 T 3 R
A EE S RE MPERETTIR .
43 BEHRRSH

il 5 7 302 MHNT #) & m Bir o (1 C s 3
o A[FI R G SR 2 BRI 1S 1 A A e
AL AZ B 5 SRR B WIRIERE ST o AN TR A X
AL A BT HE, DI e R R AR
sz . Wi 2 MENT B G REFR, e
BAEI N BL: 2B —F BONIR— mif 73 SCA BT
FIRFIERL S, T M IR SR 28—k
BONIHIE 5 2 8] 7> SCZ I8 5 7 S, sl
AN [ R 4 5 IR A A

M5 2 e 45 BT I &3], 7255 — 0B
BereR st & 75 s AR TInvE Rl & . hnik
BA ERLNER N, AR & ALY EA R E
T8 2 [ RAT RSO R AL AH 3R (1 42% o e A, B2
T 2. BHAENKFZRHERN, KWK
B QR g L PR B, AT S AR
RS R MEAERE T SR, 458 —Fr Bed/h i i 3
LRI, PEREMD S N RE. ATREJRIAE T, MR
BRI BERE, P R BAE HE AL 135 2



% XX M

2R I T 2 2 R B A AR ) e 2R 2 5T A YR B 7 vk 13-

ENE R AR SRIEOR O RRIE R A

i I BRI, S RT— i B by
T

BB HOR, SEREAREHIOREEAK . RIT
LRI, PTG R ERIE A TR E . 1255 B
BOR BB 4 FEPHEOFIC & 11 B 408 s
HAUERe S IEREL, EEFG S THINGIN T 2]
MLtk e e, (EIXAR 5 2ok T AN S HO T
B, BUCEATEG LA S A S .

=2 MHNT Rl & 73 AR THRL SR U6
WARES ESSEIES Bpp PSNR
1 Bz 0.478 0.20 29.555 dB
2 W Beotedd: 0.527 0.21 28.828 dB
2 BB 0.479 0.20 29.591 dB
ATk 0.471 0.21 29.703 dB

gE LRTR, BB BUE AR ek DA o s
HBLRE ST, T 2R B BRI T R AR RS i AR E
PESTFERCR, & 0T8T N R AR RS s .
44 FHERTIALS R

MHNT [ 95 T 4] 32 2 75 Of 355 45 749 17 v 10 A 42
T, BIAFE R s AL, DU — P iR R
LRSI RE RIS S EMEE . BT “EME
KBES)” RGBSR, MELLEEEL, A CAA]
DS S R an iy 3 53 a1 £ o 1 O = N ]
5, fELICH, WIERMIF/EmIELEE FiRe LS
R 1t P 1 1l AR 4 X 4% 3R K e I B AR A
AR 4 BRI K A5 B A AU SR A B /b HuE s
W FER A I “DHoEE S R ERE. 25
MIBRERPIER” MFHE, XIEEBEWEBERR

Jgs R

Hu2023

TR AL, MIA R TGS A A
TR T . NZE X — R, dZ B AR HEE X
FMHEEISY, AR S Jexd JF 28 1 78 e 11 )5 4538 1 B
25 A dE AT o dr,  FH DUSSIE MHNT 2
T RE SCIL T R BR B AR T, AT (142 e B I s By
FRIE A 5 RIB B I 4T

W7 s, 8 B2 A [] e A s B
MRERIEERE ST, ASCAEgID LS s — IR AEL
PR 5 RRIE, T @B R R S, R

FE B /N 0] e 3 R AT B T HE T S 4 TR 60
ANMEIE MR RS . Bk, MEIIEIER T kK R
FFIERIT S, ARG EE g T . AR AU %2
F, 5 Hu2023" A1 L, AR5 AE Kodim02 5
Kodim06 |35 2 LB 2 35 (1 e A h Rtk Hipe &=
T AE T T IE TE T S e, R I B PR ) S vk
2, UHEZREMEASB DL TEE, mhEH
I MRE S LR TF . 5 Bao2022H I,
ERAE LI BB S T AR, (HIEE
B . BEEESE REE A HE S,
A ST IE R F R st — AR, (R H0diE
Ref LT e i O, RIS B SR Y BE i R 44F
IR ARG R EIAE T A SRR R B
e R G HRHMERIARE S 5w, M PR T A A
RS, A BT — DT g R

5 ZERIE

ASCHEH T —FhIE T 2 YEFE i AR 2 MR AR )
F % S RS RS TV o 120l AL e 2k
P15 AR 2 1 5 S FEORT Ay B AR 2 4L B
e, PR R 2 A AR AR B, T
FEIETE 5 25 [0 4 P2 LR B RO 07 R Mg %

I
=

Ba02022 AT

Kodim02

Kodim06

K7 e LR



<14 - A

hallis

B

{18 XX

BrRFAE I 1 A5 b m 2 5] PG 4 AE 4 S B s 2]
IR, AR TR I RIE R ) S AR A
fE /1. A SCAE Kodak 1 Tecnick A5 F& Bodia 4 I
BEATINGS, SRR, ASONEERFEIRSHE
A EIFH IR T, AZ M LICHELL R R [ e
PIRK BRI a5 . R EE Pl e 5 2 4t
JETT RIS, AR LB AT B AE A BRI =i 45
K J2 T, e LB 3R e 22 50 55 2% 1) LIC &5 16 AR A
iy scd . BeAh,  EBYRRIE IR LR AN B
W, A RFRANBDEE 38 AR NGz S
RSO R R e AN B R TR 7L, AR FHZ A TE
BTz R4 s R A s S R e A

%

}fl_

WL (1999-) , 5, BRI, ARIE
Tk REE GRYD Wi, TR A
PRRES S, BRAUERTG o

EUPE (1986- ), B, WEIEHA, L,
B et L7 A P S W Db L
VEEIEH B ARG .

WHE (1973- O, 55, MIEKDA, &
£ RYIE BB HEAR R HZ, X
BT A N TR e RLSE SR AL
.,

Bk (1971- ), B, MRILERA, 1
&y WRIE TR EZ, FEH TN

e AR R (SR04 B i1
Bl

EEPEE

(1] M, AR5, wRALM, 55 . BT BRI R J A - IR 2 UL g 1 ).
JBAE AR, 2023, 44(10): 58-71.

Yang X, Zhu C, GUO H W, et al. Panoramic video coding based on
spherical distortion with spatio-temporal dependency[J]. Journal on
Communications, 2023, 44(10): 58-71.

WHEFIR, HREE, BRI . L TR P S Y i SRS 5 M BE T 1 TE 4R
SCEIG AR RG], 15 5k, 2025, 46(05): 29-46

Yang S H, Shen B, Huang X G. Wireless semantic image transmission

2

—

system based on deep flexible coding strategy and performance predic-
tion[J]. Journal on Communications, 2025, 46(05): 29-46.

SRLLAR, R, MR, S L R T O B e A R O S AOR  k LA AL
[30. 3815 54k, 2022, 43(12): 222-232.

Guo H W, Zhu C, Yang X, et al. Temporal dependent rate-distortion opti-

3

—

mization based on distortion backward propagation[J]. Journal on Com-
munications, 2022, 43(12): 222-232.

F 30, B, 1R B A L R T R G A A SR RA Y [0,
T RLE: (5 BRE, 2018, 48(8): 1076-1082

[4

finar}

Gao W, Tian Y H, W J. Digital retina: revolutionizing camera systems
for the smart city[J]. Science China Information Science, 2018, 48(8):
1076-1082.

IR, T, TR, A T S B0 K B BB gm D T i 0] 1A
WL, 2017, 40(11): 2433-2447.

Zhao C, Ma S W, Zhang X F, et al. An efficient image compression
method based on cloud data[J]. Chinese Journal of Computers, 2017, 40
(11): 2433-2447.

SN, RO, £ 04, & BT M 2 1) B i 0], o fs
B, 2019, 35(05): 32-42.

Jia C M, Zhao Z H, Wang S S, et al. Neural network based image and
video coding technologies[J]. Telecommunications Science, 2019, 35
(05): 32-42.

Ballé J, Minnen D, Singh S, et al. Variational image compression with a
scale hyperprior[J]. arXiv:1802.01436, 2018.

[8] Tang Z S, Wang H L, Yi X K, et al. Joint graph attention and asymmet-

[5

=

[6

=

[7

ric convolutional neural network for deep image compression[J]. IEEE

Transactions on Circuits and Systems for Video Technology, 2022, 33

(1): 421-433.
[91 TuHY, Wu S Q, Li L, et al. Multi-scale invertible neural network for
wide-range variable-rate learned image compression[J]. arXiv:

2503.21284, 2025.

[10] Fu H S, Liang F, Liang J, et al. Asymmetric learned image compres-
sion with multi-scale residual block, importance scaling, and post-
quantization filtering[J]. IEEE Transactions on Circuits and Systems
for Video Technology, 2023, 33(8): 4309-4321.

[11] Chen T, Liu H, Ma Z, et al. End-to-end learnt image compression via
non-local attention optimization and improved context modeling[J].
IEEE Transactions on Image Processing, 2021, 30: 3179-3191.

[12] El-Nouby A, Muckley M J, Ullrich K, et al. Image compression with
product quantized masked image modeling[J]. arXiv: 2212.07372,
2022.

[13] Li S H, Li H, Dai W R, et al. Learned progressive image compression
with dead-zone quantizers[J]. IEEE Transactions on Circuits and Sys-
tems for Video Technology, 2022, 33(6): 2962-2978.

[14] Ge Z Q,Ma S W, Gao W, et al. NLIC: non-uniform quantization-based
learned image compression[J]. IEEE Transactions on Circuits and Sys-
tems for Video Technology, 2024, 34(10): 9647-9663.

[15] Li S H, Dai W R, Kan N W, et al. Learnable non-uniform quantization
with sampling-based optimization for variable-rate learned image com-
pression[J]. IEEE Transactions on Circuits and Systems for Video
Technology, 2025, 35(8): 8314-8329.

[16] Minnen D, Balle J, Toderici G. Joint autoregressive and hierarchical
priors for learned image compression[C]//2018 NeurIPS Conference
(NIPS). New York: Curran Associates, 2018: 10794-10803.

[17] Kim J H, Heo B H, Lee J S. Joint global and local hierarchical priors
for learned image compression[C]//2022 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR). Piscataway: IEEE
Press, 2022: 5992-6001.

[18] Fu H, Liang F. Learned image compression with generalized octave
convolution and cross-resolution parameter estimation[J]. Signal Pro-
cessing, 2023, 202: 108778.

[19] Minnen D, Singh S. Channel-wise autoregressive entropy models for
learned image compression[C]//2020 IEEE International Conference

on Image Processing (ICIP). Piscataway: IEEE Press, 2020:



XX

2R I T 2 2 R B A AR ) e 2R 2 5T A YR B 7 vk 15~

[20

[21

[22

23

[24

125

[26

[27

[28

[29

[30

31

[32

133

[34

]

]

]

]

]

3339-3343.

Li C, Yin S Z, Jia C M, et al. Multirate progressive entropy model for
learned image compression[J]. IEEE Transactions on Circuits and Sys-
tems for Video Technology, 2024, 34(8): 7725-7741.

He D, Yang Z, Peng W, et al. ELIC: efficient learned image compres-
sion with unevenly grouped space-channel contextual adaptive coding
[C]//2022 IEEE/CVF Conference on Computer Vision and Pattern Rec-
ognition (CVPR). Piscataway: IEEE Press, 2022: 5718-5727.

TGRS, RIS E, LR, 55 . IR #2046 BRI 4 7 10k e rid
1. 515 B4R, 2025, 47(11): 4112-4128.

Bai Y C, Liu W C, Jiang J J, et al. Advances in deep neural network
based image compression: a survey[J]. Journal of Electronics & Infor-
mation Technology, 2025, 47(11): 4112-4128.

BN, B )|, #5308, 55 WAL B R AR HOR[T]. H E B R IETE
2447, 2021, 26(06): 1179-1200.

Jia C M, Ma H C, Yang W H, et al. Video processing and compression
technologies[J]. Journal of Image and Graphics, 2021, 26(06): 1179-
1200.

Hu Y'Y, Yang W H, Ma Z, et al. Learning end-to-end lossy image com-
pression: a benchmark[J]. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 2021, 44(8): 4194-4211.

Ma H C, Liu D, Xiong R Q, et al. iWave: CNN-based wavelet-like
transform for image compression[J]. IEEE Transactions on Multime-
dia, 2019, 22(7): 1667-1679.

Xie Y Q, Cheng K L, Chen Q F, et al. Enhanced invertible encoding
for learned image compression[C]//2021 ACM International Confer-
ence on Multimedia (ACMMM). New York: ACM Press, 2021:
162-170.

Wang D Z, Yang W H, Hu Y, et al. Neural data-dependent transform
for learned image compression[C]//2022 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR). Piscataway: IEEE
Press, 2022: 17379-17388.

Akbari M, Liang J, Han J, et al. Learned variable-rate image compres-
sion with residual divisive normalization[C]//2020 IEEE International
Conference on Multimedia and Expo (ICME). Piscataway: IEEE Press,
2020: 1-6.

Shin C J, Lee HM, Son H B, et al. Expanded adaptive scaling normal-
ization for end-to-end image compression[C]//2022 European Confer-
ence on Computer Vision (ECCV). Cham: Springer, 2022: 390-405.
Zou R, Song C, Zhang Z. The devil is in the details: window-based at-
tention for image compression[C]//2022 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR). Piscataway: IEEE
Press, 2022: 17492-17501.

Duan W H, Chang Z, Jia C M, et al. Learned image compression using
cross-component attention mechanism[J]. IEEE Transactions on Image
Processing, 2023, 32: 5478-5493.

Feng D H, Cheng Z X, Wang S, et al. Linear attention modeling for
learned image compression[C]//2025 IEEE/CVF Computer Vision and
Pattern Recognition Conference (CVPR). Piscataway: IEEE Press,
2025: 7623-7632.

Zhu 'Y H, Yang Y, Cohen T. Transformer-based transform coding[C]//
2022 International Conference on Learning Representations (ICLR).
Piscataway: IEEE Press, 2022: 1-10.

Zeng F H, Tang H, Shao Y H, et al. MambalC: state space models for

high-performance learned image compression[C]//2025 Computer Vi-

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

sion and Pattern Recognition Conference (CVPR). Piscataway: IEEE
Press, 2025: 18041-18050.

Liu J M, Sun H M, Katto J. Learned image compression with mixed
transformer-CNN architectures[C]//2023 TEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR). Piscataway: IEEE
Press, 2023: 14388-14397.

Li H, Li S H, Dai W R, et al. Frequency-aware transformer for learned
image compression[J]. arXiv:2310.16387, 2023.

Bao Y N, Tan W, Li M, et al. SENIC: hybrid spatial-frequency informa-
tion for lightweight neural image compression[J]. CAAI Transactions
on Intelligence Technology, 2025, 10(6): 1717-1730.

Tan W, Meng F Y, Li C, et al. Exploring high-dimensional feature
space with channel-spatial nonlinear transforms for learned image com-
pression[J]. CAAI Transactions on Intelligence Technology, 2025, 10
(4):1235-1253.

Cheng Z, Katto J. Learned image compression with discretized Gauss-
ian mixture likelihoods and attention modules[C]//2020 IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR). Pis-
cataway: IEEE Press, 2020: 7936-7945.

Li C, Li T Y, Meng F Y, all:

rate-distortion-complexity framework for learned image compression

et al. One is a unified
under energy concentration criteria[J]. IEEE Transactions on Multime-
dia, 2025,27(2): 3992-4007.

Hu Y, Yang W H, Liu J. Coarse-to-fine hyper-prior modeling for
learned image compression[C]//2020 AAAI Conference on Artificial
Intelligence (AAAI). Palo Alto: AAAI Press, 2020: 11013-11020.

Tan W, Bao Y N, Meng F Y, et al. Adaptive cross-channel transforma-
tion based on self-modulation for learned image compression[J]. Sig-
nal Processing: Image Communication, 2025: 117325.

Hu Y T, Tan W, Meng F Y, et al. A decoupled spatial-channel inverted
bottleneck for image compression[C]//2023 IEEE International Confer-
ence on Image Processing (ICIP). Piscataway: IEEE Press, 2023:
1740-1744.

Ma X, Dai X, Bai Y, et al. Rewrite the Stars[C]//2024 IEEE/CVF Con-
ference on Computer Vision and Pattern Recognition (CVPR). Piscat-
away: IEEE Press, 2024: 5694-5703.

Bao Y N, Meng F Y, Li C, et al. Nonlinear transforms in learned image
compression from a communication perspective[J]. IEEE Transactions
on Circuits and Systems for Video Technology, 2022, 33(4):
1922-1936.

Tan W, Bao Y N, Meng F Y, et al. Grouped Transform for
Ultra-Low-Complexity Learned Image Compression[C]// 2025 IEEE
International Symposium on Circuits and Systems (ISCAS). Piscat-
away: IEEE Press, 2025: 1-5.

Xiao T, Zhang W, Cheng Y, et al. HOPE: High-Order Polynomial Ex-
pansion of Black-Box Neural Networks[J]. IEEE Transactions on Pat-
tern Analysis and Machine Intelligence, 2024, 46(12): 7924-7939.

25 (1996— ) , B, LA, BIRIE
Tk GERYID A4, FER TN
TRIE ST URAY . A RN A% SR AL

farey
|<Fo



