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Abstract The Internet has become one of critical infrastructures in modern society, in which transmission
performance directly determines the capability and value of the services it carries. With the rapid development of
mobile and interactive Internet applications, low-latency transmission in large-scale Internet faces three technical
challenges at the application layer, transport layer, and network layer, that are the mismatch between dynamic sending
decisions of application data and available network resources, the incoordination between network transmission
decisions and changes in network status, and the inconsistency between differentiated services and the processing
logic of network devices. To address the bottlenecks of traditional hierarchical and single-point transmission
optimization, we propose and construct a collaborative transmission technology system for large-scale Internet
services. It introduces the technological achievements within this system in three aspects: intelligent transmission
decision-making for applications, multi-dimensional collaborative transmission, and customized in-network
transmission acceleration, including key insights, basic ideas and principles, and results of large-scale deployment.
Finally, the next development trends of Internet transmission technology are prospected.
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Fig. 1 Research problems and innovative achievements

B R IR S A R


https://doi.org/10.7544/issn1000-1239.202550536
https://doi.org/10.7544/issn1000-1239.202550536
https://doi.org/10.7544/issn1000-1239.202550536
https://cstr.cn/32373.14.issn1000-1239.202550536
https://cstr.cn/32373.14.issn1000-1239.202550536
https://cstr.cn/32373.14.issn1000-1239.202550536

EVAR Bt 55 LA T B 9 IR 55 4 A1 I 228 £ il R

3

1) 0 8 e A% i o 5. B0 X0 N FH IR AEAE W B 25
B 3k P SR 5 N 46 T B R AN DG T ) HfE R 4R
T AT O IO 1 Bl 25 B Ak A R, B3 T
Jit S Ak N %25 53 & M 4 (content delivery network, CDN)
2 ) SR A R H R R e R HOR, BRI T o B
T I B AILER, SR T U 20 AR AF Y2 R4k CDN 41
D AR, (A% T 7 I &1 R A RD G B HE R T RE.

2) Z 4k B Wb IR A% a4 o) BE XA )2 A AR AR
o A5 ) R SR 5 X 28 PR A IR R AN D ) A R, 4R T
2 4 FE U ) A% 4 o 0 BUARL, R0 T 2 AR U IR AR
i\ 15 )2 W ) A2 i 0 i ) A ) 4% S LA, 2 R T AR
#E QUIC(quick UDP Internet connections ) 1% i ¥/p 13, %&
T 17 A% 458 A fn 4 ) IR A B 4 0 R R S ) 12 B R
B, 92 2 H A2 QUIC il QUIC % 3 11 A LA 8 5
Ry b )23 I Tt AR AP o S A2 i 3

3) 7 il £k 1 28 PN A i o . R R 2% 2 A AE 1Y
25 A0k 55 5 2% 1 2% A 3558 AN — B AR, 48
PR A B A AR, B T 20
B £ 5 e AN AL P 1) BOHE A0 b R AEOR, $R 1 T M)
2% o A5 LI B TSR B 5 E A PR IR IR Rk, SR T
1t Gt I 245 U B 1] 7 298 — Ak B3 B 4 P BB O 9T, HfE B
X il 5 T TR ) 45 ) A

BJa, RSO A 5] PR E | SR T S
Y AR AT A5 P A BT RGN S A i A R A g ok —
AT 1H).

1 &N AHEEREHRRER

R A2 EL SN ) I E K i Ak B RE
CDN 1% ¥y B S22 1422 WS o 42 WAL P 3B 3 98 432 AL, 4 5] 2
Jros . e R K, BRI A L KR (= ik B
S L A N FH B0HE 7 2 S R SR A D)
17 P90 25 AR S AL B A5 A8 Ak, 3 B0 7™ A U 1 ik
Af 4 K H AN F e . 78 CDN A& B 7 Ifi, 1% %8 2 Ik 1k
CDN ™ 4% PN B4l 1% i i 4% [ 5 HLAC, 30 CDN I %k
R T A AT v 0 36 TG BT R O i DX B R PN 2
T 2 5 AR (A UL AR ) 3 RN — B )
it B A% i Ao R P R B R AR T, A ) 9% v X 5
A TN I AE . b3 ) 3 A B AR R AR T R H B
B A% DR 5% )2 I 4% a] BRI DTIEC. S I,
P T Rk i s A B I 5 vk . P16 CDN 2244
2 Wi v 9 ol DX 3 R AR R Ok, O AR R R S
B 22 40 v 3 B I, e A1 o 81 o £ i 1o 42, 48
J1 QoE.

RIE S B R R CDNERAE 5K B o
T 25 350 L RALTE T GoP 7 e ek F
2% , S >
e i [BGRI [RE \ KM (streaming brain) : - — - —— N
LT g 28 AN SR B G B A e
o Blioize - A Asitz g - iy
MARC _| jﬂjﬂ Y EmE " (¥ ¥ JiiBright _ EEME %
QoEf: L2 St P - il I gty
[ T - /\ 7 il 2
. A poins g 5,0™%. 4 28
TSR 2= A ey e >| S | |%m@
\ J 1 - \ ki |7 ki |
- —>HH
-

Fig. 2 Intelligent transmission decision-making for dynamic application data
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3 ZHERE DR AR RR



EVAR Bt 55 LA T B 9 IR 55 4 A1 I 228 £ il R

7

A B 42 ) e SR 5 DR S BN S B [R) 1) R, Oy 7 P
HEAR A ZE | = 7 i AL R B
2.1 E-F QUIC BXiE Ky im W th [ 1& 4

W 2 55 25 — 7 7 it v 1) i 42 ) A0 B 4 o 1 %
5 A 2 R] B B I, R R g g 2 A8 R A
BE T B AIAL S ) 2 () e A T B 2 — . O S —
H#x, IETF MASQUE T/Edl 4 th THEH T 541y
M2 A ST QUIC Rl ™", e AR JF A g P 4 2 1)
AU, Fh 302007 0B HT ZE RS I AT 43 4 2E
FEHITRE. SR1, FATRMA PRS2 5 & 3, MASQUE
Ik T AP BE R A K S WY, A R R R 7E T

1) 357 B B PR AL B AR S Fp A% T A 06 T
FAWRE 2K, (0 0] g 5 B0k AR 55 55 A sz
IR 55 5% 0 H 02 T A, e AR S IR R O I T ) 4% 4 9 5

2) % 1 I JE T LB TE b A I ZE B LA B T
of AV B 7% 9% 1 3 Ao RIS o) 000 0 3 3 f 22 i 1) 45
SE, (P[] B b, 7T BB 5 350N A0 3% 4 i R S DC L, AT
Ref AT oty 1) i 7 ok

Q@ M iE R (i)

AL LA, U IR % G 2 A O 2 0 & ALK
S ERG 2 CEE. RN, BRiEEE S m
sty o FH 3% 42 9 RS 0 A ELOC G R B E AL A R
AN IO 107 e 55 4 5 O B A, LN IR 45 i Y 4 2
5 T DR 28 107 AR I i T SRR Y B IR A AT

ET R, 42 T — 5T QUIC R4 1Y i
0 Py 1) % i 7 3k TECC™, 4nf&l 4 B . Hodg o AR 2
H4 I A pl I 55 i i e i %) 1 2 45 1) RN A 1) g ) 4
B S ar TiVBIE 30 SERNSWNTIEFSEE STl
RS BT WSO =2 R) 4 ) R R 4 T e iy R
3 3 S IR 0 X 2 R A, R T TS A RE B8ORS 1 IR &
LA ZEAF B, JFH X 28 R 45 E o B il 55 A &
F v — Il 55 7 0 % A O AR o 2 I 55 . i B R
TE T AR P M S, R 55 i IR A HL R A% N 2R
P ) SR W, B O IR 55 245 i 178 O 45 R A R 5 R G Y
SRR 80l B % DA, TECC R T il 29 IETF
MASQUE 4 2 4[] 8.

QUIC hdr

oA
Kot £

= T
QUIC %3 E OE:::
7777777 L s ity Em;&%ﬁﬁ%
Q) Kkt PR S % @) RBAT

Fig. 4 System architecture of TECC
K4 TECC R4

75 S TR Bl L R BRI R g5 R R, 5
%4 MASQUE k% i P i AH H, TECC W 3 BRI T 1%
Bt A, 51 an i B2 5 F2 P8 F (remote procedure call, RPC)
T 2R A 2 3 B S U] RIS T 13.3%. & TECC J&, B
AN FH I 2842 %85 1 8 5 119 iR 55 5 £ ( quality of service,
QoS) T FEAIL T, # 4R fil % i f2 b 55 1% T PE B 75 5K, DA
T KWW D 1328 38 WA (b 70%) .

FE b 3% i o BIp ] A% B A 2, % i A7) AR R
B BTN 2R 2, L K 3% R W R B R A S T I 4%
RAS AR A, 2 ) 24 3t 1) P[] A2 i AL o) 32 — 25 R AR
A SE 4 AR A i R TETF T AT 20 1 75 #i: 36 250 ) 2% 15
B 5 L FH A% i A ) 0 P I A o, DAt — 2B
568 17 FH R I 4% 14 BE 7, A A B AEE g S 55 11
R 4R A SR, SE SR P R Y — FhOE 2

Do 26 P 1 £ 1l 25 o) Sk 4 2 38 %1 (explicit congestion
notification, ECN) ™ f) = Bt £ 3h iR [l i 215 B, & ik
Ui Fll 5 22 (5 5 2 A R v 8 A e 2k

Wi 5G/BSG I 4 72 A0 T I, 78 3R v 19 2% 1A
BEAT IR I TR {55 A Wl e, J2 ARk 9Ty
ml.AF 5 B BB XA LLR 3E 24, Al i ECN i
22 Wit 38 2o A% J2 B ISC T 432 B At o R g R 2% 1k
# L Hz 1) Kk v R A B RBHE B A AT DA TR B Y
B ZE AR T A0 Ak R R R G 15 A BA B T AR, L
RSZBLN 7, v A a0 QUIC sty B & i ML il R
TG R R S, LN 2 542 A, DL
i 1 Ml A5 T 2 30K i BOHE 3
2.2 QoE RX#H & Bk 1= th Fl &%

B AE T WL R 3 15 A AN W 2k AR T T, G 4%



8

AN S &R 2025, 62(10)

Al b AR SR (A5 0 [ E R 2 AN TR]
RAE L LAY FEEE % L (W0 5G A Wi-Fi) 1% fi B8
B h AT RE. N 22 37 24 00 6 T B8 B ok 5 H
UL+ = L& Mbps™™), Z &t T K
REW MG HENE, 23012 . SR, 2013 458 1
RFC #5 i Ak (1) £ % 12 TCP(multipath TCP, MPTCP)""
T8 F I v (S BT SR AR R AT B LA A R 7E T
B G R AR I A T (AN 9E L RTT 4%)
P18 7 A A ke e SR B . ke 36 SR (LR R AE T, Y
ZA B AR 22 1] 5T o 22 B AR HL B B A B, K 3k i
ME DL K B B R T o i T4 B AR S AR A, 25 5 7R
A2 (AN RTT 42 ) b oy Bl ik 22 i a5 35obk %
& Qs RTT B&A2 ) 19 AT R A7 58 Bl VR 9%, DA 78 32 1
Vit 3 B BN B B JE ™, i 45 22 B A5 14 v BE L 0T g
KT B0 2% B A A5 i PR Rl FR AT R A7 Y R RILARE A ) 4k
WG UE T 1% 45 1 : MPTCP ¥4 B T 2% B [ 149 v 57 %k
F199% 4351 K0 LU R FE AR A5 5 43 518 T 16% il 28%.

O TAEMEBE 5] A B AR F AL (FR B
A7), BIVHE A3 T 45 58 A 6 A% 1 5080 9 25 7 At i 2
HEATIUAR Kk, DA I PR i ke A BHL 2 [ . SR
HEAGIA T HANY TUA v T8, BRI TR
FH B 55 B2 AL 75 1) CDN 538 38 1 S A iy 9 2 . 3R
& B, B2 d5 5 1 1) B0 A0 8 B 2%, 2 AN 0 E i
A HEAT BRI, R 0 S B 15% L) b, &)
ez 1.

9 b, AL 2 BN B B #E IR AR — 2 30 QoE 1Y
TR, R ECE OB RE AR N )2 T B RS = R
PEASE N2 B A] . R, 2 1 T T I I A T A R AR

PR
TR

HTTP

SR iy

QoEfE & 4G/5G

QuIC

B

+

P A B 2 [ & R] LRI T P ) QoE 5 Bk 48 5.
FeAn, 4 5 FH 2 000 % A 1 % v B A 2 1, RS
T ELTT IR B AR AL R, Rk BRI IS B
AR EL T AR, BT —Fh QoE IKsh £
PRAZ I AL 7 125 XLINK™, XLINK 3T £ %42 QUIC
(multipath QUIC, MPQUIC) 3£ 8, | i T~ QUIC 318
(9 P REVE, BT EAE R RN Z i MPTCP
5 {6 R R P AT

XLINK # A 28 ¥ 401 (8] 5 fF 7, 76 2840 2 1 |
XLINK H'1# QoE 3K 51 1Y) 2 B A2 14 £ 2 37 7F QoE 2 15t
HLHI Z 1. XLINK 2 5 5ty 35 BOH P80 QoE 15 5
CHAI A3 6 T3 #8% 1 22 vh IX K F ), 4R 5 i T QUIC Ppil
Y 2 B AR RO R A (ACK.MP) 3™ 2 1K QOE 1 5
b e, MR R 5 B K 3% v A Ay I AR A BRI ASCHE B 0
JE AR A

TE R 2 1, XLINK FIFH #54i f0 5 78 ACK it #
ZA AR 5B A I EA RIS ATH, XLINK 4 517
1% %5 (QUIC ¥t ) F1 FH (REAR T ) 2 A~ 2 2% b S8 1 3
TR E E A LT3 (Stream) {1255 2 19 FHH A
Xif o7 o7 FH 238 >R B 24~ QUIC I & i, g 4 5t & 1% 1)
DL 1 A AL AN T 2 14 I 1) BN A BHL 25 BE
FA P S G0 iy J e A 25 X 43 (R]— AT ) 2 A8 [)
BE B B £ i B L, A T R A e s
Je 9% LU s AR 3. XLINK 18 5] A T 2 T QoE Jx
ot 1 R 5 (I v A F5E A, AR AR QoE 5 R ST i 4% i
B 55 TUA BUAS. 5, XoF T g 40050 T &, XLINK
IR 55 %% 2 MR 48 % 7 ity 1) 495 3 22 o XK T Bl A R R
TEAKWE, DS /INR A 8 U i T A R e R

R T2

HTTP

(tp2)
XLINK % J7 ¥y / / A
D

e pkt
C I

ACK_MP
N ,’-\\
S .. D

XLINK R 45 4%

]

Wi-Fi

Fig. 5 End-to-end architecture of XLINK
5 XLINK i3 3idets

XLINK 7F 78 5 % 040 1% i v 30 8 I sk, 45 2R 3k
W, 5 A2 QUIC AH HL, 56 99 43 (oL A4 B i oK 52 1k
B[] B T 19%~50%, KR FEAK T 23%~67%, 1 TT
R AL 2.1%.

H A, RIS 2 B il es F 285 T
$2 T 55 9 R 00 4% B 6 e b AP RS, R T
S0 2% v AT T I A NP S B 1 i S TR A B
5 (augmented reality/virtual reality, AR/VR) ] & &, £



EVAR Bt 55 LA T B 9 IR 55 4 A1 I 228 £ il R

9

A2 A B AT B TR A IR 85 A R D UK. AR T, ARY
VR X% Bk JEA A 07 20 (K, 306 22 [ 22 (8] F b ]
P R B R R, R AT HE— ARG Y S ) —
23 ETWNARGBEHAENEZHREH

I N 43 JE B A 45 2 AT Rl Sy bR v
NIOR KO =S S T3 e Y Kl A A
I AR S, B KRR AR A QoS #8 4%, 1l
AR TH A e w4 R Rk AR, X R 2 B
328 7 2% 5 1 LTI AT ol B - A% 4 J2 58 4 AN SRR g
FH R, ARME Sy 25 5340 1 FH 2 08 310 47 &b ) 1% i 1
RE. F T FH 38 5 A 7 T A2 2 0 Rk A
WIR-hE 2 A B 2 B AL T L O O SR U A M e, v g
230 o7 FH 2 1 72 48 3 T, AT 3 QoE R .

DL 2 B AR AL i R ], A T AESE o TR AL B R
A V8 B 2 DA S5 KAk A5 i vk B sk, R AT HE R B
[ 38 37 B % (adaptive bitrate, ABR) #4422 BR 42 14
VT 2 T, R X T R AR LA N T, RO £ AR
PR 3 LA T R %) A ki, A7) 2% B TR 22 1 QoE (1Y
R R 11.7%, RS 340 6.2%) , J0 &4 & 3h &
R 3 ) 45 R85 P 3k Bl QoE R M S TN g £ B 42 W
T2 A b fih & S S T 0k R R AR A 2 R
B G ) i R e 2 S 3, IR AR IR RE AN 2. Tl
i it — 2 A3 W R R, £ AR R BE ML 2 Sk B B
I 5 0000 47 O A 1) AN B 2 P, AT N FH B AR G R
) D) 24 1) S o AT FH R AE e D B I 4, 22 B AR TR
J3E TR SR ) A ol A A N R R ) T R 6 3 2 0 B
JS A A% i 2T LA o HOHE 0 B8 RTT 48531 1) 48 s B I
Tt (s JE 0T JHL P 6 A8 s R 9 5 7 ) e Sk
R SR (3] 0 400 450 e 0 238 A b R e 5 ), AR M B A
AR 24 107 B e T 45 T R s 7R A T
-

AR b, I 2 T B 22 I AR U B X A e
85 T, X DA o T00 22 B AR R BE R A T ) 2% %
5. PR, R R A% B 2 A T O A R e L
FHARTE I 78 40 R L X b ads In) 8, FRATT A6 A e S ¢
S N 5 AL AT B 2 U R R AR T —Fh 2
V8 B 55 B 4 1 A B IR HE 4 Chorus™, 1 2 4R
16 QOE 2 A4S Wh B £5 . 1) W AR S5 00 1 FH 8540 42 ok
P s 2) FEAEE I QoE T 2R il & f 1k BiE.

Chorus ZES7 T WA 6 BT 7 A4 XL 1) 52 135t 42 7l 1] %
1 MPQUIC 2 I, Chorus 72 ¥ il 45 #% 1 & 7 %t 2 1]
HEAT 15 2 A5 B AL b, (15 X 25 )2 mT LA, W) AR Ak
QoE. 7E 5% 1 /™ il JR I v, & ity 1 1o FH 45040 4% il
TRV AR Al AR 55 4 100 50 i S %) R B SR (1D 6 HR I <

Py BC Le i) PO A ik, O BEAT BRI OR S I
TEER 2 > P B0 B v, I 55 48 B9 K0 His 60 981 B2 48 75 1
JH B 40 A2 fi 2o 5 v e ook 9 o 8 32 DR S, LAl 2 0
F14 T i Pk ] (11 6 v ) L300 A2 g I 1) ) 5k 2 45
) B B 14 R SRR AN T, i -5 P ke SR SR 4 (e
PR ) PR 2, Jm & WAE A T RE (s RTT 251

— P — Pk

FREEE e >

gl (PR LR
T h
B Yo

=gk i &

Fig. 6 Bidirectional feedback control loops in Chorus

El 6 Chorus " XL 2 i 2 il BRI

T B 5 )2 P ], Chorus 51 A T fill & K
W7 LR 55 IR W I 1 SR L ORELRE B SR B B
A A A i IO R B0 22 i, T AR BE KR GE B B AR
T B0 % 0 Ta] . A RELRE BE HSR B Be, 1 S TS A
JIT R SR B B b BT B0 £ 0 R R DR, SRS R T
% PSR I A R R k2 I EOE B — BV
R AL 4 T U, SRR AL B I B B, Il i i
A B RN AR B TE S IR — U R R Cln SR %
AR P R AR B A s ) . (513 — 42 1Y )2, Chorus 1%
i 22 9 A 28 R i e A% ik B, O DA ST FH 9 A A%
W RN S, — KD T AR B T AR AL, Ok
7] LB ] 4% AL o) X 107 P 306 42 o1 1 4

Chorus % 5 & % FLSE B 2 M0 & 48 v, 4%
W TR 55 %% F1 RS Bl % P i b R0 0 9 ik 2 g . S
¥gE BN, 5 XLINK™ F1 8 # 4% QUIC A H, Chorus
1F-2 QoE #2181 T 65.7%~114.4%. Chorus 78BS | A&
QoE 1k it i 1k 14 [R) B, I B A5 7 ofe A% By il AR B4 2 T,
RMFEAR T 10.7% R EEA LGB, 7111 53744 Chorus
fR 3k B rp, FRATT 2 B i ) TN 5 E AN A oA
PR RTHE T fo 3 224 O <1 CRID 700 6 s 15 LS fED)
XA BT A i 30 2% T sk e ™ B R B 0k, FRATD
BT TSI AR M 55 A B8 0 5 7, FE TR Teams
S VN U T RRE (1 QoE 42 T,

H Hill, Chorus {88 F 1] 5.2 7 oy 73 - d 700000 4,
BT 2 AR 1) WA RO U L I AR A T L BB
THE R R 0 Ak A T, 1% B0 2% AT LLE i BRE A
BHE BK B AR (1) G M 27 2] 5 ) i — A5 A Ak HE 1
M. DL AL, Bl I 0 3 5 LA A2 265 19 5 4 1 3%
i on s, #5 )2 BTG AR R QoE (it A fL Ak 12 i 1 fig



10 AN S &R 2025, 62(10)
() PG B8 B B 31 SEBRHBEeEELX

3 ERMEME A ERMER AR

) £ PN A2 i o 3 e o bR D 44 1 A Ak PR R Y
HRE, B D B A A e U i 3 g 1) £
A E 3 R R A N 4% B R Ak B2 TR T R
TR M RE R e B % AN TRz —. &g
M & ( smart network interface card, SmartNIC) . 7] % 2
A& 4G 7 R AT G R ASCHRE Y TR A5 AR A A7 R R B A
R85 e, SR BRI R I 2% 9 A% i B
ARAEL T FTRE. SR, 1550 W 25 15 4 38 5 >R HH [ 42
— IR AL PR AR, DI RE R — HoBk = R PE,
AT ) FEAS 1) e B AT 55, A1 1P Mkl iy A 4% 5 DT
PRI I, 246 38 o0 BF 5% 2R 4 TP A R 55 SE Al T RE 19 M RE
$RTE, ANREA B 2L 22 ARk 55 A B fE,
il 2y T W2 £ R A 5T B T ). AR ik
1v) 38 T %) 840 T PG A R B A e 3 B £, DA aE T
B A < T B R SEHE 25 Ak R 4l 55 P e
1) DT B

FRATF 0 DA o) T 5 R Ak TR, S 45l
55 58 Ak B AR n B, SR T 20l B AU kL %
B [E) B A% B n S DA R TR 28 R 0] 3 AR A O B B R,
FETAEME 7 frow.

B AL 5 J2 1 B TR R P 24 s 2 o) SE 2 ity 1) iy B
SIE (1% 7 B2 . AR S 4 3 s A TR A o T
et 45 0 285 PN 54 40 b 3 R L AT ], AHL TR s (A5
RO E M 2 R, Z UL KOS S W R,
AL AR KR 2R AF IR P2 T A BRI A
% FBt. e, Open vSwitch(OvS) ™ 3& F OpenFlow™”
& A 5 o R ASE A, A 5O TR0 R A 4 45 44 VT e 92
17 (signature match cache, SMC) F1 E. it 2% 17 (Megaflow
cache, MFC) 55 Z R Z2 (¢ BRI f5, &0l vl gn 2
fift AT #w TN 22 DA, W 8 BT AT B BRAE CAn e e
L),

145 OvS £l - T £ T “ DL e — SIE " I S A 2k,
T ORUE 73 M, BN TR T g8 — B B AR, BT ]
— B A R T 2 A A AT A I 58 R A BT L S A
JIT A I 4 Dy e HE 0 ) 22 R A7 454 . B T MFC DR T
MY 22 | FERT TR, K 1y B 5 DG T T v e s
A BB TR T MFC & 3R 0R. SR, F AT
LR = M MEE], T SMC R AR BT KE
100 J7, K Z 501 B (>99%) T 4 6 2 i v SMC %
£7, AR/ 3E AN MFC VL E B B . 31 R B2 )2, 2 OvS
T 52 A W 2 Dy fig (Can s L RSB k) B, Horkfg
TR BN, 5 L2 R A, [FEFE 17 R
TE RN B ok 35 T g 23 S B ik B R B R K 50%.

o 22 S et N o S BT

ST DAGHI K %1%

Table 0 Packets 7 Table |
%ﬂmﬂlﬂﬁﬂﬁﬂ%ﬁﬁﬁ% Path 1 IP_SRC Instructions MMF | IP_DST Vlan Instructions
8.8.0.0/16 | Set_Vian=1;GT=1;WM=0x1 0x1 6.7.8.0/24 1 Output:1
7.mCr.m|[r.mSr,ml|r, m®r.m=I, R : Scan(left-to-right) .-
Mapping | sz »|  Set Vian=1;0utpur=1
AU PR R : [1p_src | 1p_DST [nst 1 [ v | ----- 1 t [ nstructi
= oy ~ * SRC | nstructions an n_porf nstructions
ri.alEr/.al lff r/"alppEr/-alpp & rwaldzr/"al{l %%Pgﬁﬁ%ﬁz& Table 0 Target pipeline ~ Table 1
GT: B3R %, @ Padding entry
[88.0016] 678024 | Set Vian=1:0upur=1 || Empty |
(a) FZEHF1H

Ethernetk # ‘ Pk ‘ TCPk IR €l l

J
e R :
(Hoda RHF 4 -5 Hoda 217 o 43 | ot JJERWLERTHE
H L /lq] 6]1+6|2+...+9|N | E
Kbr 4 By 45 N} Si B -y o :
ikt |Hoda fﬁﬁﬁéﬁH Hoda 2247 s ‘ > #ﬁﬁﬁ iyE e drop | ;
; The vanilla OvS data path i ' :
! . e R e ]| : : 5
: ‘ OvS ﬁg*ﬁ% H OvS é’}fﬁ ﬁ}ﬁ%ﬁ‘ ‘ ERecirculating Q/:”)EE N ‘j' E

EZ LTS Ve/ kY i 1 R 4 0, Ak 2
(b) HdE 11

Fig. 7 Customized in-network transmission acceleration technology

&7

E Tl PRI 4% A AR i A



EVAR Bt 55 LA T B 9 IR 55 4 A1 I 228 £ il R

11

G AT B B B 4 RE I & B, BN £ AT F SMC
2% A7 A $3X 2 K T e O 1k 2w i B, 7 Ab
FH AT % ) 4% Ty e B 4 B AR B I 0 . AR AR T R
TEF OvS 1 45— K3l i 42 5 540 I 4% T fig 2 Ta] () oF
J&, 5 BB AL M I A S B SR BT R, AT
A FR I TC A% VG A, 25 7 A JE RGBT RS 32 s
K, BATTEAR R AS 5] 190 45 Ty 6 26 % FH AR 30 i . L
IS, % T [ — ™ 4% 258 (Bl — 4~ OpenFlow £ /7 )
KTV (1) Ak 38R D0 EL A R AL 35 A (A R0 %) DG JE 3 1))
M55 F 6 — H Y, o7 Lhh B4 I 4% D RE A 4 17)
1 i BT 25 A1 SMC 22 47, X 6 T 1% T g i 7 14 DC i =5
B, IHBRAS B AR AT A A

BT bR A, AT B T H Ak £ m
RO B 5 2 HE SR Hoda™ (18] 7(b) Z2 R D), ml 414
N T 1) 2 3y R # ok s Ak 1 B0 A iR T 28 S R AR R
G, A e AR B L o i, DS LR R
BOE LA T 5 A AT AR, DA B T B £ A0 B M e
BEAh, S T BEARE il AL TF RS, iF— 2548 T ) e R
A% C-Hoda, i i3 78 08 i 40 vh 5] A nT g itz 1, DA
Tk B R B R AR H S B K50 T A Ak (B LT
TR ) . A8 TR 2 X 465 1 56 UE 25 SR 2 B, A HE T I
B OvS, Budl fu % K vk 42 7 1.5~1.7 %, Nginx it 55
ity 3] i 7 >R Ak B S ] B AE 20%.

Wi 25 2 BE X 14 & R, B 0 S 2 Ry 0 — 2 R
THECIE A % % T 8 B0 T T B W] R IF 22 3 AR
I G, b P2 8 v Y R RS — oM 2 R ) 2 Y
SR — 7 1T, A A BB U] 43 AT R A 4 A
IR B R AE, DA T A A S B0 00 — SO A T R, R
ok 2> 50 Hf LD 4 . O — D, P 465 T i Y KL g
R T B AE ORE P A (B AT 50, ] £
XSRS ) — B0 5T — MER.

32 RHEMERKNE RS LLE

VLA, ) 48 B0 4% Il A% i 5 SRR R T, A% i
AT RGBT RE. % 5 Rl A 7E 4 A TR 2
2k o3 A 2wl & 48 R 45 22 % A 1% i 3 5t b o ]
T E KR, A% 50 B0 4 Ak 33 3% 4 AR 6 408
Sk BT B R AL BEACHE £, I A X B 4 2K Ay 2k
FTANER, TG 50 R I 45 B 4% (00 g AL P
Ivi) ) X 4% PR RS Ak LA B 1) 445 182 & ST Ak 19 o i) 437
B VAR S5 AR 8 4y o 4 A BRI R, X A 4L
AT HEAT e 0L B, R 0 8/ BOHE A A i i R R
A 2 Y H Y.

b 0, 30 T T P A AR A A R X,
DR I 1 2 A o o 5 o Ak A R T sk 2 s o Ak A 52

WAL I BE, AT Se S IR SE B TR Y 4% it
BRIE, /55 B 4 (aggregate) . i 3E (filter) . 24 I,
(reduce) FIHE Y %5 (sort) 55 . 7F M IE Al b, £ X) 2 Fb it
B 53 Ap 20 I oA 28 R o3 A X k), it 1
A B8 Uh ] () B8 5 £ Ak FRAIL .

X R, Wit ISl TR T HELAER
Ly 18 2R R G, i e ] g AR sS bl L 8
VEE A, I R 5 1 A 25 1 R A B A, [ e
11228 28RN R A, DR TR A48 R A0% (n
Bl 7(0) A FEFR). L8 g5 R BoR, 5 35w
AR RGA , SCA | WU AE 22 28 RUBUHE 1 4 &%
FE IS 982D 70%, KA A% i i/ 2 1/4~1/10. 813 43
M AL S, BT I 523 T ¥ 242 0850 19 7 1 A
JE TR A WL T, 7 2 R0 B R (1 < 4R S8 (R
BB SHO , IFAEAA A 32 PR B T 58 o) “ 3 =
B L5 NBR R G, % SRR A B 1S
BOW B RAWRS SRE. BT W S8 50T
R 43 ) U RN B R AR, ¥ IS B Ak B AT A
A RAFA T IR RT, BRI 25 4% 4 7 48, $2 793
A7 YN LR 3. FE T 52 PR i i B R 1Y) 52 30 235 SR R T
55 (R 3 0 0 P R A LR AR L, v 3RS BUR AL
AT 53 A SO B TR B AR R I 2R RCR SE TE 1.4~2.6 1.

B P 2% 15 55 328 A0 T R, I 4% DY B89 0 Ak PRAE
SR ) 45 ) R RIS 5 B T R, AELATS AR T I
ERPk . &5, MENRSARRIAR, FEY
Jré A2 A R RN AE A PR BT U5 FR T S 0 A 4 Ak HE
YR, 2 PN A A0 Ak PR B BN I FH T S, 3t
SR i D90 7 A Ak B DA R e K R e — B M B
T Ao i Ab S SR B R Ak TR) L R Bk R A 8K
i TR e 2 T TR 5 ) A e
33 WEHMNITEREIESHZE

AT 2 S0, Ak AL T 0 s T 0 1 A 2 S G
FERE 7, 38 ok X b FEAL I Y R G A A, Al R 2 AR
i 55 3 56 W 45 T he ) 25 S AT oK. SR, 4G g R
e S 51 00 T e i, G R A A R ) A AR
B (A0 — 25 FLIN 38 55 5 — 400000 | b g€ (Can [] — 2540
A 2 4540 BB VRN R B 50T A A L, 52
M) 22 48 A s PR R T At P[], B 00 A9 5 SCRD 45 44 7E
S A8 I 45 0 T Z LA AE A — B, 2 B0 R
()35 P XE AL, 3 — 2D 24 T Ak I 2% D e Y 1

S AR D) A i T R DU e S B ] — 3R R
23 1) B e sl AREGE B R, s AR F o/1/4E
TR 1Y 0 28 5 W KL D) 26 A S — 20 A B D 2 ) v £
SRBCAE A, K DA R U] 1) L An] 7S [ (% Ak S A TR



12

AN S &R 2025, 62(10)

TE LAl b, 42 7 R0 DS P AT 5 5 B A0 R )
S BE S O B, JF BT MU AT R R D R
B JEU, TR0 A R vh ¢ | TUAR s T0 R ML
U] £ 5, PR A R U A ) T B 58 P 5 SRR R AR
Ph. HE— B4R T T (A2 0 R 1 PR A Ik, T
Ao 6 ) =5 e ) A 5 A A R AT O AT AR,
2 TR 20 A T B 0 Ak S AR 5 I AR M, AR
A LR BRE T AL g R L 2 AR T A Bk S TR
1B AT I 22 42 Al SR

N TS SRR 5 b BRI R R S AT L
T, ST TR A A B A 1 R O B 2 SRR K
2 Aih G R 1) JCER I, I 5 T 1R AR ik 13 A ik, 5
BUHLIN LA [ 5 (6] ) S5 A W B, O T SR s AR T
BT, B T 1) A A 2 B A 1) AR T ik A2 AR
B IL e gt 50 vkl S WS L, ke T
SE A AL 7 22 B BT 5 [ S % 30 25 DR X 1] AL

AT AR R W 2 ) BER 2 —, Z2 P g i S T
B oy A R AU B g 2% . O e, T DUFE P
JETE 51K TE A A A5 AG I TR R, ] LATE KL
B e AL DU 0% 1) i i ARG AL A X ) R ) A Ak
fifp DR AT B T 5 T 19 2% 25 (8] 19 4 4 Fn] SR, R
BRI Z—.

4 <]

TR R B EL B I R 55 B4 K BN 4 % B B R, 45
A Y ET B AR B S L S B, AR 4405 TR E
K P90 2 i AR 2R 1) A Ok s A a2

1) R FH A2 51, B R A ARG o 2 4 31 DL R 3
R R AR e AT AR IE LT BT R A 1Y TR B )
TR fik 45 S 7 P, JHL e R B B ) 2 i 5 58 v X
2 SE 4R T B BOER . O B AR AL R IR SE
SR, 45 UM L RS 2 A T B AT R X v O, A%
O TE TR # R AT R FH I B 52 il A4 I 245 4244 . 3 R AR
A4 5% Fl RDMA %5 I B 4EE 90 45 Bip S, B Sk 14 S 52
PG 0 2% 4 B[], B0 £ b (B Ak | SR X 2B A7
T e 65 45) 5 4 Ak CR RE I i L IR 55 . &
FHH B A ) R, B O < s PG A AR s A ) 7
N oK R T BB 4528 AT AR R B2 L I S Y R 4%
FeA.

2) PR, BI3ET QUIC (N 2484, /8 HTTP/
3 WA, QUIC Ph s 58 A LA 7% H2 4 . T BA Sk B
SE Vit B i 0 2 A IE T S A
LI, Mk FIE BURIR R AE QUIC Z 17K 8 5 2 hif I 15

SCHr, 3T QUIC B IR (media over QUIC, MoQ)
8 s B R AR 2 K R A A R B
WS 2 QUIC ¥, B ) T i fh . BH#E . L, &2 A
2AF 22 FE AL W00 N FH 48 A B A% X — i #R] e
23 IR SIS 4 J 22 B T2 N R S A, T K Con-
tent over QUIC(CoQ)” ) 78 i Ju 2. Jo i fn] Fp I = Y
S H N, N TE 1Y N 25 454 5 Dt Je A 2 T T ke
54 QUIC Ay JF A= i X, S BILUHE IR 20 A 1) P9 25 A%
T 2% A — A THI ) 38 P92 1 AR AR R

3) B R, B ALK Sl Y LB 3. AL for
Network” 1E 4 8 9 28 BT I T2 56 3K 3 1] 2 BE £
T 3R Bhy ) R 2 A 0 SR ke, ik — i K 5 R
il ] 2% (domain specific networks, DSN) 7" Hl & 7 F
fil 5. DSN 32 5K B X0 48 5 i FH 0 3l Caan Tl B HE )
BRI BT R, E AT T F Y 48 484 5
B, T ALE ARG B 52 B DSN i % 0 i T 2. —
J5 T, AL AT DL T % B 38 A AR e A AR 0 3 1 O o
FROE S5 PERRTT oK J5 —J7 I, AL SRR 1Y #E 35 2 i fig
WAL 311 P S e W o A L 8 1 S N o - i B B
WSSO Sk, SCEL K A ECE . ALk,
BB, A E Y e B 55 Tl 75 SR A R L &
R, B Y S Ak I

4) AR IE, BV i ) TR BE R G Al 5N 2
(i) £ 175 08 Y 2 1) 24 A f P B 110 OC SR 0. K R 1Y
T HE 5 1) R TR X — B 1, S I g Y O 2 Ok B S
T LLJCZE W25 (40 Wi-Fi, 5G) A3, H: ) 2886 18 B
FF R ZE YR 5 MAC ZE B, {558 5k & .
B} A5 %5 U8 23 il . CSMA/CA K 35 4 77 11 538 B0k 25
A 2t N AT DA 3 8 LA O AT L ) D) 4% 1A
Nk AT S, R IR B B ) B I 2 1 5 RS, AT
T T2 3 2l I8 RE 3k SR m, B [ 3 N I
AT 5 LA R e 2 19 2 36 s AL 25 . 3k ol 1255 1B 3
OB B il G B i 5 T, B O N — AN AT A
M) RETF A A W KSR &,
S 3 vy ) vy A% i UK At Ak L 32 B U

5 2 &

R R R G 0 TR I A A — AN R T
— 2 5G/6G. 1A T HK M A A B e EE R A R E
B A L L, Sy — I R RS B B RE AR AR
SR BN B AE 5508 T R 0 R AL el kA
T Z R R B R VA, R B AR AR &R
TR 5 A% 0o BB, A, J2 PR 2 R S 5l 5500 {1 1 DG Ak



EVAR Bt 55 LA T B 9 IR 55 4 A1 I 228 £ il R

13

AR SR T L AR H R0 R4 3 AN 2R, B G M A
20 IR ) i A R TR W ) PR L B )R A
B w s A s, FER X R A M B
55 Z2 REAL R = F B A o I B R B AT
IS B Ay, R B G BEAE T R A A &R
Ry PR, M — B R L B AR B A B — R
FERR Z, AN BUR B X 48 B I A i B8 1 — K
oS R, A o i R 5 ) I A 1 R R A 4 1
TORHEROR SR, kg sk, BRE. A ERH—U
P 24 KL il DO B T LA

TEETHEAER: SRR B TR LERER; R
REKEX FREEFTHI~3F AE; K RFER
ETHASTHAE; P RhFLETHRLERFTHK
.

2 % X #

[1] Fouladi S, Emmons J, Orbay E, et al. Salsify: Low-latency network
video through tighter integration between a video codec and a
transport protocol [C]//Proc of the 15th USENIX Symp on Networked
Systems Design and Implementation (NSDI’18). Berkeley, CA:
USENIX Association, 2018: 267—282

[2] Qin Yanyuan, Hao Shuai, Pattipati K R, et al. ABR streaming of VBR-
encoded videos: Characterization, challenges, and solutions [C]//Proc
of the 14th Int Conf on Emerging Networking Experiments and
Technologies (CONEXT’18). New York: ACM, 2018: 366—378

[3] Zhou Anfu, Zhang Huanhuan, Su Guangyuan, et al. Learning to
coordinate video codec with transport protocol for mobile video
telephony [C]//Proc of the 25th Annual Int Conf on Mobile
Computing and Networking (MobiCom’19). New York: ACM, 2019:
1-16

[4] Jia Zhidong, Zhang Yihang, Li Qingyang, et al. Tackling bit-rate
variation of RTC through frame-bursting congestion control[C]//Proc
of the 32nd Int Conf on Network Protocols (ICNP’24). Piscataway,
NIJ: IEEE, 2024: 1-11

[5] Dobrian F, Sekar V, Awan A, et al. Understanding the impact of video
quality on user engagement[C]//Proc of the ACM SIGCOMM 2011
Conf. New York: ACM, 2011: 362-373

[6] Sun Yi, Yin Xiaoqi, Jiang Junchen, et al. CS2P: Improving video
bitrate selection and adaptation with data-driven
prediction[C]//Proc of the 2016 ACM SIGCOMM Conf. New York:
ACM, 2016: 272-285

[7] YanFY, Ayers H, Zhu Chenzhi, et al. Learning in situ: A randomized

throughput

experiment in video streaming[CJ//Proc of the 17th USENIX Symp
on Networked Systems Design and Implementation (NSDI’20).
Berkeley, CA: USENIX Association, 2020: 495-511

[8] Lv Gerui, Wu Qinghua, Tan Qingyue, et al. Accurate throughput
prediction for improving QoE in mobile adaptive streaming[J]. IEEE
Transactions on Mobile Computing, 2023, 23(5): 57995817

[9]

L10]

1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Agarwal N, Pan R, Yan F Y, et al. Mowgli: Passively learned rate
control for real-time video[C]//Proc of the 22nd USENIX Symp on
Networked Systems Design and Implementation (NSDI’25). Berkeley,
CA: USENIX Association, 2025: 579-594

Zhao Yuankang, Yang Furong, Lv Gerui, et al. MARC: Motion-aware
rate control for mobile e-commerce cloud rendering[C]//Proc of 2025
USENIX Annual Technical Conf (ATC’25). Berkeley, CA: USENIX
Association, 2025: 217-232

Carlucci G, De Cicco L, Holmer S, et al. Analysis and design of the
google congestion control for web real-time communication
(WebRTC)[C]//Proc of the 7th Int Conf on Multimedia Systems. New
York: ACM, 2016: 1-12

Banerjee S, Bhattacharjee B, Kommareddy C. Scalable application
layer multicast[CJ//Proc of the ACM SIGCOMM 2002 Conf. New
York: ACM, 2002: 205-217

Song Zhenyu, Berger D S, Li Kai, et al. Learning relaxed belady for
content distribution network caching[C]//Proc of the 17th USENIX
Symp on Networked Systems Design and Implementation (NSDI” 20).
Berkeley, CA: USENIX Association, 2020: 529—544

Sundarrajan A, Kasbekar M, Sitaraman R K, et al. Midgress-aware
traffic provisioning for content delivery[C]//Proc of 2020 USENIX
Annual Conf (ATC’20). CA: USENIX
Association, 2020: 543-557

Berger D S, Sitaraman R K, Harchol-Balter M. AdaptSize:

Technical Berkeley,

Orchestrating the hot object memory cache in a content delivery
network [C]//Proc of the 14th USENIX Symp on Networked Systems
Design and Implementation (NSDI’17). Berkeley, CA: USENIX
Association, 2017: 483—498

Li Jinyang, Li Zhenyu, Lu Ri, et al. LiveNet: A low-latency video
transport network for large-scale live streaming [C]//Proc of the ACM
SIGCOMM 2022 Conf. New York: ACM, 2022: 812—825

Tian Yu, Li Zhenyu, Liu M Y, et al. Cost-saving streaming: Unlocking
the potential of alternative edge node resources[C]//Proc of the 2024
ACM on Internet Measurement Conf. New York: ACM, 2024:
580-587

Zhao Yuankang, Wu Qinghua, Lv Gerui, et al. JitBright: Towards low-
latency mobile cloud rendering through jitter buffer optimization[C]//
Proc of the 34th Edition of the Workshop on Network and Operating
System Support for Digital Audio and Video. New York: ACM, 2024:
3642

Zhao Yuankang, Wu Qinghua, Lv Gerui, et al. Understanding and
taming the inflated latency in mobile cloud rendering[J]. ACM
Transactions on Multimedia Computing, Communications and
Applications, 2025. https://dc.acm.arg/doi/abs/10.1145/3746283

D, Pardue L. HTTP datagrams and the capsule
protocol [EB/OL]. (2022-08-24)[2025-06-30]. https://datatracker.ietf.
org/doc/rfc9297/

Schinazi D. Proxying UDP in HTTP[EB/OL]. (2023-02-21)[2025-06-
30]. https:/datatracker.ietf.org/doc/rfc9298/

Schinazi

Zhang Jiaxing, Yang Furong, Liu Ting, et al. TECC: Towards efficient
QUIC tunneling via collaborative transmission control [C]//Proc of the
21st USENIX Symp on Networked Systems
Implementation (NSDI’24). Berkeley, CA: USENIX Association,
2024: 253-266

Design and



14

AN S &R 2025, 62(10)

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Floyd S, Ramakrishnan Dr K K, Black D L. The addition of explicit
congestion notification (ECN) to IP[EB/OL]. (2020-01-21)[2025-06-
30]. https://datatracker.ietf.org/doc/rfc3168/

Zhang Jiaxing, Wu Qinghua, Lv Gerui, et al. Predictable real-time
video latency control with frame-level collaboration [C]//Proc of 2025
IEEE Real-Time Systems Symp (RTSS). Piscataway, NJ: IEEE, 2025:
1-14

Guan Yu, Zheng Chengyuan, Zhang Xinggong, et al. Pano:
Optimizing 360 video streaming with a better understanding of quality
perception[C]//Proc of the ACM SIGCOMM 2019 Conf. New York:
ACM, 2019: 394-407

Baig G, He Jian, Qureshi M A, et al. Jigsaw: Robust live 4K video
streaming[C]//Proc of the 25th Annual Int Conf on Mobile
Computing and Networking (MobiCom’19). New York: ACM, 2019:
1-16

Wang Shibo, Yang Shusen, Li Hailiang, et al. SalientVR: Saliency-
driven mobile 360-degree video streaming with gaze information[C]//
Proc of the 28th Annual Int Conf on Mobile Computing And
Networking (MobiCom’22). New York: ACM, 2022: 542—555

Ford A, Raiciu C, Handley M J, et al. TCP Extensions for multipath
operation with multiple addresses[EB/OL]. (2024-01-25)[2025-06-
30]. https://datatracker.ietf.org/doc/rfc8684/

Raiciu C, Paasch C, Barre S, et al. How hard can it be? designing and
implementing a deployable multipath TCP[C]//Proc of the 9th
USENIX Symp on Networked Systems Design and Implementation
(NSDI’12). Berkeley, CA: USENIX Association, 2012: 399—412
Zheng Zhilong, Ma Yunfei, Liu Yanmei, et al. XLINK: QoE-driven
multi-path QUIC transport in large-scale video services[C]//Proc of
the 2021 ACM SIGCOMM 2021 Conf. New York: ACM, 2021:
418-432

Dhawaskar S S, Lee K, Grunwald D, et al. Converge: QoE-driven
multipath video conferencing over WebRTC[C]//Proc of the ACM
SIGCOMM 2023 Conf. New York: ACM, 2023: 637-653

Ni Yunzhe, Zheng Zhilong, Lin Xianshang, et al. Cellfusion:
Multipath vehicle-to-cloud video streaming with network coding in the
wild[C]//Proc of the ACM SIGCOMM 2023 Conf. New York: ACM,
2023: 668—683

Zhou Yuhan, Wang Tingfeng, Wang Tingfeng, et al. AUGUR:
Practical mobile multipath transport service for low tail latency in real-
time streaming[C]//Proc of the 21st USENIX Symp on Networked
Systems Design and Implementation (NSDI’24). Berkeley, CA:
USENIX Association, 2024: 19011916

Guo Y E, Nikravesh A, Mao Z M, et al. Accelerating multipath
transport through balanced subflow completion[C]//Proc of the 23rd
Annual Int Conf on Mobile Computing and Networking (MobiCom
17). New York: ACM, 2017: 141-153

Shi Hang, Cui Yong, Wang Xin, et al. STMS: Improving MPTCP
throughput under heterogeneous networks[C]//Proc of 2018 USENIX
Conf (ATC’18). CA: USENIX
Association, 2018: 719-730

Saha S K, Aggarwal S, Pathak R, et al. MuSher: An agile multipath-
TCP scheduler for dual-band 802.11 ad/ac wireless LANs[C]//Proc of

Annual Technical Berkeley,

the 25th Annual Int Conf on Mobile Computing and Networking
(MobiCom’19). New York: ACM, 2019: 1-16

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Lv Gerui, Wu Qinghua, Liu Yanmei, et al. Chorus: Coordinating
mobile multipath scheduling and adaptive video streaming[C]//Proc
of the 30th Annual Int Conf on Mobile Computing and Networking
(MobiCom’24). New York: ACM, 2024: 246—262

Tan Qingyue, Lv Gerui, Fang Xing, et al. Accurate bandwidth
prediction for real-time media streaming with offline reinforce-
ment learning[C1//Proc of the 15th ACM Multimedia Systems Conf.
New York: ACM, 2024: 381-387

Pfaff B, Pettit J, Koponen T, et al. The design and implementation of
open vSwitch[C]//Proc of the 12th USENIX Symp on Networked
Systems Design and Implementation (NSDI’15). Berkeley, CA:
USENIX Association, 2015: 117-130

McKeown N, Anderson T, Balakrishnan H, et al. OpenFlow: Enabling
innovation in campus networks[J]. ACM SIGCOMM Computer
Communication Review, 2008, 38(2): 69-74

Rashelbach A, Rottenstreich O, Silberstein M. Scaling open
{vSwitch} with a computational cache[C]//Proc of thel9th USENIX
Symp on Networked Systems Design and Implementation (NSDI’22).
Berkeley, CA: USENIX Association, 2022: 1359-1374

Rizzo L. Netmap: A novel framework for fast packet 1/O[CJ//Proc of
the 21st USENIX Security Symp (Security’12). Berkeley, CA:
USENIX Association, 2012: 101-112

Pan Heng, He Peng, Li Zhenyu, et al. Hoda: A high-performance
Open vSwitch dataplane with multiple specialized data paths [C]//Proc
of the 19th European Conf on Computer Systems. New York: ACM,
2024: 82-98

Zhang Penghao, Pan Heng, Li Zhenyu, et al. Accelerating LSH-based
distributed search with in-network computation[C]//Proc of IEEE
Conf on Computer Communications (INFOCOM’21). Piscataway, NJ:
IEEE, 2021: 1-10

Zhang Penghao, Pan Heng, Li Zhenyu, et al. NetSHa: In-network
acceleration of LSH-based distributed search[J]. IEEE Transactions
on Parallel and Distributed Systems, 2021, 33(9): 2213-2229

Pan Heng, Cui Penglai, Li Zhenyu, et al. Zebra: Accelerating
distributed sparse deep training with in-network gradient aggregation
for hot parameters[C]//Proc of the 32nd Int Conf on Network
Protocols (ICNP’24). Piscataway, NJ: IEEE, 2024: 1-11

Pan Heng, Li Zhenyu, Zhang Penghao, et al. Misconfiguration-free
compositional SDN for cloud networks[J]. IEEE Transactions on
Dependable and Secure Computing, 2022, 20(3): 2484-2499

Cui Penglai, Pan Heng, Li Zhenyu, et al. Enabling in-network floating-
point arithmetic for efficient computation offloading[J]. IEEE
Transactions on Parallel and Distributed Systems, 2022, 33(12):
4918-4934

Liu Yuhan, Li Hanchen, Cheng Yihua, et al. CacheGen: KV cache
compression and model
serving[C]//Proc of the ACM SIGCOMM 2024 Conf. New York:
ACM, 2024: 3856

Qian Kun, Xi Yongqing, Cao Jiamin, et al. Alibaba HPN: A data

streaming for fast large language

center network for large language model training[CJ//Proc of the
ACM SIGCOMM 2024 Conf. New York: ACM, 2024: 691-706
DistServe:

Zhong Yinmin, Liu Shengyu, Chen Junda, et al.

Disaggregating prefill and decoding for goodput-optimized large


https://doi.org/10.1145/1355734.1355746
https://doi.org/10.1145/1355734.1355746
https://doi.org/10.1109/TPDS.2022.3208425
https://doi.org/10.1109/TPDS.2022.3208425

EVAR Bt 55 LA T B 9 IR 55 4 A1 I 228 £ il R

15

[52]

[53]

[54]

[55]

[56]

[57]

[58]

language model serving[CJ//Proc of the 18th USENIX Symp on
Operating Systems Design and Implementation (OSDI’24). Berkeley,
CA: USENIX Association, 2024: 193210

Zhao Liangyu, Pal S, Chugh T, et al. Efficient direct-connect
topologies for collective communications[C]//Proc of the 22nd
USENIX Symp on Networked Systems Design and Implementation
(NSDI’25). Berkeley, CA: USENIX Association, 2025: 705—737
Warraich E, Shabtai O, Manaa K, et al. OptiReduce: Resilient and tail-
optimal AllReduce for distributed deep learning in the Cloud [C]//Proc
of the 22nd USENIX Symp on Networked Systems Design and
Implementation (NSDI’25). Berkeley, CA: VSENTX Association,
2025: 685-703

Internet Engineering Task Force. Media over QUIC (MoQ)[EB/OL].
(2025-06-23)[2025-06-30]. https://datatracker.ietf.org/wg/moq/

Wu Duo, Wang Xinda, Qiao Yagqi, et al. NetLLM: Adapting large
language models for networking[C]//Proc of the ACM SIGCOMM
2024 Conf. New York: ACM, 2024: 661-678

He Zhiyuan, Gottipati A, Qiu Lili, et al. Designing network algorithms
via large language models[C]//Proc of the 23rd ACM Workshop on
Hot Topics in Networks. New York: ACM, 2024: 205-212

Song Congxi, Han Biao, Li Ruidong, et al. Aquilas: Adaptive QoS-
oriented multipath packet scheduler with hierarchical intelligence for
QUIC[C]//Proc of the 44th Int Conf on Distributed Computing
Systems (ICDCS). Piscataway, NJ: IEEE, 2024: 485—495

Chen Xin, Han Biao, Xu Cao, et al. MPP: A paradigm to reconstruct
multipath transmission in user-space[C1//Proc of 2024 IEEE/CIC Int
Conf on Communications in China (ICCC). Piscataway, NJ: IEEE,
2024: 1081-1086

Lii Gerui, born in 1994. PhD, assistant professor.
His main research interests include network
transport protocols and Internet measurements.

B A& HG, 1994 4F 2L T L. B BRAIF S 51 . E A
G851 Sy T 465 A i DI ASL | ELL R TR

Zhao Yuankang, born in 1997. PhD candidate.
His main research interests include low-latency
video transmission and intelligent congestion
control algorithms.

BB, 1997 4L L OF R A BRIy
16] g UK I S2E A9 % i A RET ZE 4 ) S vk

Zhang Jiaxing, born in 1998. PhD candidate. His
main research interests include network transport
protocols and real-time video systems.

SKAE S, 1998 4R 4 W LT SE A EFAT 7
1) A9 A i TS S5 IR R AT 2R

Pan Heng, born in 1990. PhD, associate professor.
His main research interests include programmable
network and intelligent computing network.

& O1E, 1990 4EA. M, BIBRFSGY . EEMR
pAEPEE TR CE N =R AT

Wu Qinghua, born in 1987. PhD, associate
professor, PhD supervisor. His main research
interests include network transport protocols and
Internet measurements.

B, 1987 44 1+, RO, L4 S
i, =BT ) g T 2% A MR K PO )

Li Zhenyu, born in 1980. PhD, professor, PhD
supervisor. His main research interests include
Internet measurements and network systems.
ZEHRF, 1980 4R A WA, MR b, MRS
Ui, 3= BRI G T 1) Sk L D L 4% R4



	1 动态应用数据智能传输决策技术
	1.1 动态应用数据控制
	1.2 扁平化CDN架构及其路由转发机制
	1.3 接收端自适应缓冲区管理

	2 多维度协同高效传输技术
	2.1 基于QUIC隧道的端网协同传输
	2.2 QoE驱动的多路径协同传输
	2.3 基于双向反馈控制环路的跨层协同传输

	3 定制化网络内传输加速技术
	3.1 多通路数据包转发
	3.2 传算协同的网络内数据包处理
	3.3 网络规则计算理论与方法

	4 展　　望
	5 总　　结
	参考文献

