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Abstract: Current scheduling algorithms for the multipath quick user datagram protocol (UDP) internet connections
(MP-QUIC) protocol overlook the priority relationships among streams, making it ineffective in distinguishing critical
streams from ordinary ones in heterogeneous networks. This results in the blocking of critical webpage loading streams and
significantly impacts user experience. Therefore, this paper proposes a priority-weighted and packet arrival time based
scheduling (PW-PATS) algorithm, which enhances the performance of MP-QUIC for critical and overall service transmis-
sion in heterogeneous network environments. The PW-PATS algorithm quantifies the weight of quick UDP internet connec-
tions (QUIC) streams into a priority factor (PF) and uses it as a weighting factor in the calculation of packet arrival time (PAT),
forming the core path selection criterion of weighted PAT (W-PAT). This prioritizes the scheduling of high-priority packets
to network paths with higher channel quality. Experimental results based on webpage simulation responses demonstrate that
compared to the existing lowest round-trip time first (LowRTT) scheduling algorithm, the proposed algorithm significantly
improves the transmission efficiency of critical streams. In the traditional webpage access pattern scenario, it reduces the
completion time of high-priority hypertext markup language (HTML) streams by 69%, while improving the overall web-
page rendering time by 24%. In webpage parallel loading mode scenarios, it reduces the completion time of high-priority
cascading style sheets (CSS) streams by 79.8%, and also achieves an improvement of up to 48.9% in overall webpage ren-
dering time under various network conditions.
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Figure 1 ~ Comparison of TCP and QUIC protocol stacks
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13. ENDIF

14, TJ R, xSRTT

15, PAT« T}, +SRTT/2

16. W_PAT<«PAT /pf

17. 1IF W_PAT <min_ WPATTHEN
18, Pres Py

19. min_ WPAT«W_PAT/

20. ENDIF

21. END FOR

22. RETURN poq

3 EWiTE
3.1 fEEEIEHR

J PEAR BT PW-PATS 575 O PR RE , AR SCHE#E T
BT Mininet ™' {4 X 25 7 LK F- 45 . Mininet B8 %
E— G Y EE AL R L 58 0 2% 4 I, AL A
bl EHL L EE B S AT 4 BRI 5 S B R R
F T H o 5256 B R 9 I 2% 40 $h 45 44 an &1 5 Frow
AR FNBLRL T — R LR ) 2 R A R — AN
B WU S 1) 26 7 i, 38 S T A% S A A I 4% AR 1 )
— 5 PR S A o R Sl A T SR AR A T

IR

[}
B | | ) Aﬁ
‘ i,
& N ETEETTTIITE
EEERETETYET |

i 13 R2 N 55 B

] Bi22
1 ’)

—
1 2ER3

%15 Mininet (284 FME]

Figure 5 Mininet network topology diagram

HE 3R A D 28 RS S, WA T Y S A I 45 0
Yist,

17 .52 5 B MP-QUIC 1 {5 U7 3 T XQuIc
FRIEESEEE . XQUIC hy— > i Pk BE 1 QUIC PRl %
TEMLIERE FY RSP T PW-PATS B 2% DL K AF %)
LU 8 G A 8 B Bk o r A AR Bl C/CH+ iR R Y
5., fEV5i81F T — 6 %% Ubuntu 20.04 #:1F &
G50 230 A L i b, HBE R B R Intel Core i5-
8300H CPU ( 4% 2.30 GHz) )2 16.0 GB RAM ,

3.2 =EIgIt

4= T PEAL PW-PATS 505 78 540 N 26 1 PR fig
T, A SCR T T RIS S, AN [ 4E B 49
TEBA VA AR ORI DG Bl 55 Ui A% i P 7 O T P A Ak
3.2.1 TMHEEIFMIERR

SRR AL TS bR AR R T RE

(1) B B 5 58 B[] o 3 5% HTML S 5% €SS
SCA Y 2 BT AR ] 4 B W AR T S B I A 1
B

(2) B ARAE 55 58 BT ) o 30 S T A7 R (A 46
HTML/CSS K B & B U8 ) (1) 56 5 T 2R B 1], P14l 3507 X
ARAL AR R

(3) A TR R H . & A8 br e Ok B4R A
B A2 U0 4 B Lo AE ™, OB K, SR BT
JEAR T AR AR S R A B £ |, iR
AR ) F AR, B A Y] 4 RO A T BRI
3.2.2 MHEEXREE

R AT HA, SEES BEE DL R A R M MP-QUIC
R SR A R X H SR

Lowest Round-Trip Time first (LowRTT)" i3
LA AL, LowRTT 3 Iy BT A 4 115 AT & 3% 19 A%, JF
{3 RTT, e 8 H rp RTT /N B AR AT R 2%

Earliest Completion First (ECF)'?', ECF & 5Pk i%
Wi ARl A, Horp— 45 RTT 76 T A i 42 vh e /MBS
—E A, 55— & W Wl AR T RTT B /N SR IS
AT A 76 W A% B A2 b 58 LA A eE (), 4 £k i




868 H, T

EE 2026 4F

A8 B 3 58 1 ) fe D i B AR |

Packet-Arrival-Time based Scheduler (PATS)"'"*) |
TE 3R B AL, PATS 38 JJ BT A3 >4 /i Al 326 1Y 6 A2
IR ) A2 b e 7 e Wi 114 T840 2 38 I (]
B T 1) 38 I [ dc /N B B AR AT R 3%

Flexible Stream Scheduling Mechanism ( FStream )’
FStream i 96 I8 J32 B[] GEURR A | 34 55 It ) BEL 28 , JF-5i
RS B — B AR AR, A 22 B AR A ok (R L7 A
FESR o [a] i 3 3 A e R L 491 o3 B Al v, A PR s AR
Seg it Ge .

3.2.3 XWH=EE

IO LI A8 B A T S0 AR T OC B E Y BR AR 1Y
Petl, Horh HTML SCF5 CSS SO0 B v PE M .
HTML SCAFE ST DT B 2R PN 25 o2 N0 0 05 ik i
1A SCRY X 4245 A (Document Object Model , DOM)
B AR AR AL 5 TS CSS S T4 i) T 8 40 v A =, D)
WNIRAE R 3% | A 9T A 2 CSSOM (€SS object model)
J& A e DOM 456 I B e Ju v , 17 #6474 Jay F 4
o PRI, CSS S — b B8 (1% BH 8 i e " B,
T B IR R 4 T BT N 4 8 U (R A 7 R
Wi P P AR o TG, AR SRS I D 28t 7 rh o A
SRR HTML 3 5 CSS Wi S CH 557

AT B PW-PATS 5575 75 O3t e 1k 6 5C B 3 8 fig
05 T AT RO AR ST T I S, A A AL 7 e
TR o 0 R =

R G N Ly A, R
PR HTML SCPE (256 KB) , % 3 B 56 U 3

LowRTT
3000 ECF

PATS

FStream
2500 PW-PATS]

1500

JRH [H] /ms
)
=
o

Jo

P

Uit

1000 |

HTMLJ

500

1.0 15 2.0 25 3.0 8.5
%1227 9 /(Mbit-s-1)

(a) HTML %5 5 Bt i)
(a) HTML stream transmission completion time
6 ALEEM i

Figure 6 Impact of bandwidth heterogeneity on completion time in traditional webpage access mode

111 6 (a) TN, B B8 A 247 SERU3E N, BR FStream
Sb, BT A L B9 HTML U 58 1 i 8] 2 52 B R B% .
FStream 1 A8 22 i J5E DA 32 2 o ) 4 S U 9 B — i

B % — > 30 SO (1 MB) 19 T 3kl ok . A =
R AR U

W 2= S (R A) o [ B A2 B AE 3
H 1 ms, B 1A BE [ E S 1 Mbivs, 4% 2 45 98
1 Mbit/s Z5 1k % 3.5 Mbit/s o

Ff A 2 5 03K (37 56 B) o [ WU A2 7t 9 35
50 Mbit/s , #1522 B 4E [& 3 & 50 ms, 42 1 B 4E
50 ms A8 1L % 300 ms,

O TR SR AL I BT B IR AT B L K P g
] i 2 2 CSS SCF (1 MB) Al A4~ 338 SCF (45 1 MB)
BT 2K, CSS B 5 B A U1 11 VE g g BH 2E . AF B =X
IR R

Won 2 S (5 C) . [ 2 B AR I RE 2
1 ms, BEAR 245 55 B 2 R 1 Mbits, B6 72 1 # 55 M
1 Mbit/s 25 ft. % 25 Mbit/s

I 4E 22 S 0k (37 = D) o [ WU 2 4 8 N
10 Mbit/s, B§4% 2 BHAE[E 52 A 1 ms, BEAR T BFZE /T 1 ms
ARk % 500 ms .

RAESHIML(GEE) . BB IEFE N
200 ms, 7 % FH 1 Mbit/s 28 b 2 20 Mbit/s ; 545 2 17 5
[if 7€ 24 1 Mbit/s, I SE B 200 ms 226 2 1 ms.

AP RN (R E) . WE = AFHEE K
R T R S R b B BRSBTS
3.3 XWERST
3.3.1 EEMIGEER THEE R ERER RN

Kl 6(a) F1E 6 (b) 73 I HRTEY) 5t A T 45 BE
HTML i £ i 5¢ BR8] R 5T 1 0 28 5¢ B R a]

LowRTT
14000 - = Ezv;
B8 paTs
12 000 | [E=] Fstream
[ PW-PATS

10 000

8 000 -

6000 -

TR N 52 BN 8] /ms

4000

2000 -

1.0 1.5 2.0 2.5 3.0 3.5
B2 9/ (Mbit-s-1)

(b) BUTAT AN SE WIS [

(b) Webpage rendering completion time

17 T S R SE B [ P B2

Pt , (e AR S A L B Hh AR R AR, TE k]
Z AR G SN R BUL B 28 . ECF RILAE
AR 9 DI B2 Rl AR R B . ECF 7218 2 F b



o2 M

K A5 LTI e g 5 B AL B IR I A AG MP-QUIC 14 B 53k 869

e DEAT A ¢ RIS [a) A% T 3540, A8 B ek A /N st
R (R AT T g 5 A R TA) AR B A >, T | &
PABEAEIR o BLAh , ECF 7 [ A8 18 2 P (0 1n] T35 9 o =g
) B A, T R A8 3R EAIG A AR, 7E HTML SCR A% i v
AT RE S B0 Bk AR, DA AE g 3 Bt TR] L O
SR, A FREEH . HEZ T, LowRTT \PATS
FIPW-PATS 8 1k 7 HTML 37 5¢ B 18] | 36 B0 Ry %
i, {3 PW-PATS 7£ £ 5045 96 4% 14~ 0% 8 F PATS #1
LowRTT, % 7~ t FHC AR 56 9 B A AL il %) ¢ £ HTML i
M PR BERICR

FEE 6 (b) [ TN 837 5 v, B iR 44 5 HTML

B [ owRTT
B ECF
1500 PATS

[E= FStream

I PW-PATS
@
=
o »
= 1000 |
; 3 .
= Ree
1B Y
ES s
2
> 500 sl
[
= -

LN .

+
0
50 100 150 200 250 300

#4721 RTT/ms
(a) HTML Jii % i 52 W i)

(a) HTML stream transmission completion time

W ZAL, FStream 7 4= 9L 56 A ] BT R 345 B
W, U AR Ve B T o R R, (E L2 X 5
F AR SR 30 o ECF B 384T 7 I 7y 96 X 38 3% B 48
# ABFE & A TE X B, 3R % W I8 T LowRTT.
LowRTT . PATS Fl PW-PATS 7£ 43 Ui 52 I 8] | 1) 2%
FEAH XT8N B AE R TE SR, PW-PATS 4
JEIR B RS A AR L A, U L AE R Y 5 T AR
R BL B AR, AR 58 B[R]
3.3.2 RGN EER T EE ST R Rm
Kl 7(a) FIIEL 7 (b) 230 0 KR TE S 5 B T 45 B
HTML 3t A% i 56 B (8] R0 5 0 2% 52 s 1]

[ . owRTT
5000 el =
B2 PATS

FStream

I Pw-PATS -

I
=3
S
S

& 5¢ B A /ms
=
2
-
-
-+

"
%)

. abd

2000 | - 3
’ **ﬁ H

1487
1000 - 8

iy

U,

50 100 150 200 250 300
#4%1 RTT/ms

(b) BUTAT AN SE B[]

(b) Webpage rendering completion time

7 AL BT ()BT B S S K X S JC [ £ 5 )

Figure 7 Impact of latency heterogeneity on completion time in traditional webpage access mode

F R 7 Ca) AT 00, Bl 25 645 1 RTT B934, fr 3 &
1 56 A [B) 3 2 B0 b T A, H o FStream 8375 7
e B R A EE T R IH g 25 A SR | U O AR B 4E
#A 3 200 ms J5 , H HTML 9 5¢ AR 1) 200 B, I 78
300 ms B FE 2514 N ik B e i o 31X S T FStream 58 1l
BEASTUT — B AR A, R R 7850 R 2 AR A5 1Y)
W7, T 7E = B 22 o) 2% ME RE 2 B . PATS B3k 7
300 ms B, 0 10 5% 1 R B SR G i 2 3, X R IR T
ZE IR N R R BE S . ML Z T, PW-
PATS P fig & 35 00 F FoAb 500k, e 00 i L B 2 ) i Jek
HIAIL ] 55 A7 VA B fig

TEE 7(b) JUE N 5o, B K B35 HTML i
L, FStream B A SK A B I 4 54 K 45 $4HA i,
PERE S HA Bk 22 I E K. PATSH L FRGIA
SRR HTAIL R [ Ak G 35 0090 0 1 38 A [ ) T4
75 2N T BT DR B e A R R R U B
U R, ECF 5k 7 i) 2E 25 53 003 v 719 28 50 AH X 08
FH AR 3K P i R B, BARASS T LowRTT Al

PW-PATS, {H I U PATS 7& = i 4E T BRPERE 5 1k -
PW-PATS L% HAE HTML 37 4% iy 7 (0 S 5 A0 34, 4 3
TR SR U ) A B A R B, B T HTML WA 56
B, H 57 B R) B R S 2 e IR B i SR AL
PW-PATS i i £ 5 O B HTML 3t , 4 45 78 02 18 5¢ A% s
B L ARRE T8 .
3.3.3 MRHTHHEERXTHEEFTEENZME

& 8 (a) FIIE 8 (b) 73 il K /RTE S 5 C T £ B
CSS Pt % i 5 B s 1) 40 5 T 0 288 5 B ek 1) o

i & 8 (a) AJ %0, PW-PATS 19 25 81 B 500 T Hfth
S HAR e GBS ML BE 05 1 O i A ST G CSS i
PRSER B, AR AR 98 25 1 Pk 58 1%, o Je 22 T
A Ve e T 5 S sk (a] . [R)RE EL AR S 9 R T B
F) FStream 5.7 , 1 2R F A U U 2R — BR A2 19 L
Ja, R 2 AW v R T e B P ek L ]
T3 A PW-PATS o JHAth 553 DU A6 IR 58 ™ M e AH
VT, AELIE 2 G 1900, PATS 85 15 3 7 2 PR 3, 7245
Vi $E TF 2 15~20 Mbivs B, Pk ge e ft . X E2 &K



870 H, ¥

EE 2026 4F

kg PATS 35 F 05 40 T4k 320 308 15F [ 1% 9 B2 AL, 78 1%
A v I A5 RE A% TR A M DI R OLIE AR AL I
A7 R AR T 22 A s S5 R R 18], DT 7840 & 7 90 4% 25 i
WS o BRI, 24745 8 Ak £ 18 25 25 Mbit/s B, PATS (7
JEE G A 355

TE K 8 (b) ", PW-PATS fI 56 5¢ W T CSS A4 1)
&, DU TAIE Y o) B RE A5 5 TT IR T 2RI 25 20 AT, b A
T A CSS fifg M BHLZE 1 5 B A AME R o (EA RN
&, PATS Fl FStream 7E & 17 96 55 14 F B0 £ B F
PW-PATS, iX Bl F 76 &l 98 B A2 i R A 34
B, FStream [ 51— A% 40 22 R W BB AT S50kt e 22 1
LT IFAS 1M PATS W0 AT A5 I 4ok DL /INME AL 3] 38
Bf 18] > B B 0 8 B AL A B o 20k b AR P R A 2 o
ST 2w AR 5 o SR, X — L
W 585 R BRI : FStream 75K 76 F M fE I 3
AL, T PATS T i = XoF B 37 A RS R BE 7, 6 I A 4
T S e VR A I R AR TR (R 7). PW-PATS B
PR A8 R T DU TE 5 B[R] 48 bR LR o (B
18 1k SPQ 5 WPS {4 Up [R5 11, 76 22 29 ) L 52 34
W26 R S B T AR A PEBE I fL . LowRTT 5
ECF B R R IFAa  AHAE @ 9 T A RO 5%
Ui B B Al AR RTT 5% 58 B (G T, R &5 A T Fe 2
Sl A B A TR AL , X DL TE 52 2% X 4 45 10 T S B £
3.3.4 MTHITMEER THIEZ R R

K19(a) A 9(b) 73 HI R R TEG 56 D T 45 L
CSS it A% Hin 56 B A 8] A1 0T 1 o 28 52 B st 1]

i &9 (a) AT 0, PW-PATS G2 48 H AT 5t 90 8% 4
FEHLH , 4f 208 w0 Je 9Ly €SS T B & Y A e

30 000

B 1 owRTT
B cr
B PATS
251000 -FStream
[ PW-PATS
«
£ 20000}
=
oy
15000 F
#®
= i
2
@ 10 000 |- @M
(@] K
5000 | WK
bl
0 3 kl § H
1.0 5.0 10.0 15.0 20.0 25.0

P 4% 14 52 /((Mbit-s-1)
(a) CSS ¥ & i 52 Bt E]

(a) CSS stream transmission completion time

8 MM IR

BEAR , DT 7 25 JS B 28 25 10 T 35 AR 1 o A1K 19 4% i
JE ., FStream 44 [F] FE B 25 U8 Se BB ATfE 7, {0 R
TG B — AR ML, 7 B AR B D T U R B
SRR E S LA TE AR T, R 3E 4ol
5| & 2 B S L L 5 AL B RY 1 T 0 A i 4
R BEEBAE 1A RTT 1 1 ms 31l E 500 ms, ECF 1
LowRTT B CSS 1% i i i) {5 25 384, 3 2 PR Ry 4t [
FE A I AR 0 2 TR M, I Tk B A IV e AR AL R B
AL T B W B A i I AE B AR I PATS Bk R B
T aT M, PO 5 A — 2 i B A ot i SR e ), g
B A0 Hi 52 B O 28 (R Dl A T B RE ) s AR DD 48, (ELATS IR
Bl = W A P Sle 9 X431 G 1k 8 4 bk S P A Ok .

WK 9(b) R, PW-PATS H T CSS % 5 41 56 5¢
A, DUTH T e ok AR AT DU R o SEE T R kS
U THT TR Y B RO K R T R i H A Bk R €SS &
i 5 BB M, DU THT VE e T A G B IR A L L T
AN Y SFE R ] . 0 TR R AE S5 R R, ECF M
LowRTT % %5 1+ B[] g F — 20 i K o PATS i i 3
DR — B L GE T 58 s ] (B A 32
il T AR S G B AR 5, T 1k 2 1 vh A ok 1) M B
A, FStream M| 2% 2 57 FR T 3 98 22 #AZ ML, 28 1%
M Ge 2 N REAT SR AN A, ME LA 5 I 2B 37 5 R S
B
3.3.5 MIHIThHHEEXTREAZZI MM

K 10(a) A 10(b) 43 5 R RTEY 5t E N & Bk
B CSS 3t A% i ¢ AR [ A1 5T 1 0 2% 52 A e 1]

WE 10(a) fi 7% , PW-PATS 7 3% 2245 55 55 i 7iE 21
A NS T A S L e GBI e A8 A AL
/> CSS SO B A i st ) Ay D T 5 4 4 R LAY O
FE%EZ”
B s

30 000

25000

20000 -

A [F]/ms

15000

Jt

10 000

e

5000 -

0

1.0 5.0 10.0 15.0 20.0 25.0
PHA% 175 35 /(Mbit-s-1)

(b) U AN SE B (6]

(b) Webpage rendering completion time

Y AR 0T S R ] 9 5 1

Figure 8 Impact of bandwidth heterogeneity on completion time in parallel webpage loading mode



o2 M A B TINRLR Se g B £ A B ) Y MP-QUIC A B 593k 871
000 LowRTT - LowRTT
ECF ECF
PATS PATS ]
FStream - 2000 FStream
PW-PATS " PW-PATS
E + E ?
Eao0r =
= " =
= - e bae E .
= = b8y 42 4000 - ;
e : [ E ® e LML L
= - = -
S - = . 3
@ 2000 F ¢f’ . = D ‘ o
- = = = #Te
* 2000 | ] ? s ’
. LT §
0 I L L 1 L 1 L L L L L L
1 100 200 300 400 500 1 100 200 300 400 500
#4%1 RTT/ms #4%1 RTT/ms
(a) CSS ¥ % 52 BT 1] (b) DU N2 SE T ]
(a) CSS stream transmission completion time (b) Webpage rendering completion time
19 W BUHAT I ARASE T Bof 22 A % 58 S Fof ] F 5 i)
Figure 9 Impact of latency heterogeneity on completion time in parallel webpage loading mode
30 000
30000 —&— LowRTT —&— LowRTT
v e ECF X ®— ECF
- A— PATS 25 000 —A— PATS
20 v FStream v FStream
2 & PW-PATS \E & PW-PATS
=S L 20 000 |-
E 20 000 :’E
% Jé 15 000
FERLLCY 1R roe
2 AN &g N\
@ 10 000 | N I= 10 000 | \
° ! = \\R
500 ¢ \\\\ 5000 |- s
\Hr»_%’,,, B o . ”
N . |
0 1 1 1 1 1 0 1 1 1 1 1
(1,200) (5,150) (10,100) (15,50) (20,1) (1,200) (5,150) (10,100) (15,50) (20,1)

(%42 15 95 /(Mbit-s-1), #6422 RTT/ms)
(a) CSS AL 58 U 6]

(a) CSS stream transmission completion time

(B% 12 1ty 92 /(Mbit-s1), #1442 RTT/ms)
(b) DT TN 2 5 A 18]

(b) Webpage rendering completion time

10 PITOFAT IR IR G S A4 X 5 G ] f4 52 1

Figure 10 Impact of mixed heterogeneity on completion time in parallel webpage loading mode

SBF ML, FHXT I, FStream /552 B F 03 U B — i
AL A SRm 7RI 30 7 5P PERE T e .

R 10(h) 7R , PW-PATS AT {157 5 fA 451, 1
HACHAART T CSS At i 50 A BT 55 . (E15 1 i
JB TE A TE TG AE Y D 25 PR BE R, FStream 3 B4
U, DU e 58 B[R] 200 T PW-PATS . F 2
RAEZFFMT A EY A& RN TEA =,
FStream JIr 5% FH 114 i 18 48 % ML 58 08 A7 S0kt e 2 % A%
Tk ml Be 51 & B AL EL Y, [R] B BE T S 4 ity
T4 THC SR W 0 A5 DUTE B R 78 2 i PR B rh s &l AT, A
28 T AR A AL FEAEGR o A AN, PW-PATS F %
M B K AR JR B A B A A B PR S 2R A . LR
TH) BT AR AEE R 8 9 I SE X — 4 LA, T2
THT [11) L 552 ) 24 v 325 s A7 A T S8 0 By B IE 25 S e 2

v 55 e gve A 1 B 22 I8 o il o P[RR N 2
e gt 5 W 4% )2 B AR AR ZS  PW-PATS B WS 78 45 K 251
RE Sy s MMk B s mrEre R, LA
7 i 52 R B A 458 g ) PR SRR SR T LA 2
3.3.6 MAHTMEEXTEENATBESEE
TG IE

WE 1R, AR 138 = 55 M AR DL IE
ER LIRS G 2 g I

P&A2 1.4 58 : 4 Mbit/s, RTT: 50 ms.

PEAT 247 58 : 2 Mbit/s , RTT: 30 ms.

P&AL 347 5 : 10 Mbit/s, RTT: 100 ms.,

R AE AR 5 R B AT 10 YO ST 525G AR
RS iU 2 T Y



EE 2026 4F

872 H, T
(1]
a1
g:
AR
u"%ié\
s A —
\ ’) TS
— 1 ,) R % 3
3 —

HHIZER2

11 Mininet = #4225 3R MK
Figure 11 Mininet three-path network topology diagram
5000
B 1 owRTT
4500 |- | ECF
B2 PATS
4000 |- |E= FStream
- B PW-PATS
g 3500
E
=
& 3000}
®
5 2500
1R
LS
o 2000
72}
© 1s00 -
1000 |-
500 |-
0
LowRTT ECF PATS FStream  PW-PATS

ik
(a) CSS i f& 4 7e s il

(a) CSS stream transmission completion time

& 12

K12 (a) T 12(b) 73 B R R FE S 5 F R & 5k
[ CSS 3t A% i 5 B R [ R0 G T 0 2% 52 B e 1]

WP 12 fF s, PW-PATS 78 CSS 56 8 ¥ 5¢ 1 ) 8]
I R T T 2% B 1] B ¥ % L F LowRTT  ECF
PATS Fl FStream , #E 2% | HAE X427 50T i PERE UL
. PW-PATS 1 CSS JC 8 I 58 W B[] LU AR 9 PATS
A 45 2 28.7% , A T T #8845 8 2 7% o
X R W] PW-PATS 5L 78 2 B A2 H A A5G T 1y 001k
RE AL SR IR ST

K 1I3FRRNEZFEF PSR RN R, h
F FStream & 15k A 40 2 0 — AR 00T, HiAR
FE MRV T A HLH] BOSGAAR TR

B owRTT
5000 - | ECF
B33 pATS
E= FStream

4 000 | | EEEEH PW-PATS

3000 -

2000
1000 |-
0
LowRTT ECF PATS
ik

(b) DU N2k 5¢ it 1)

(b) Webpage rendering completion time

TLTH AR 58 B [H] /ms

FStream PW-PATS

PG FFATAIN BASE TR = A S A o 52 I [ ) 20

Figure 12 Impact of three-path heterogeneity on completion time in parallel webpage loading mode

WE 13 frs , PW-PATS £ 8 P45 505 LowRTT il
PATS Ab F [d] — K - 5 17 ECF 55 4k % B0t o = il s
PEHE B, K R T L AR PR B AR DR ST SR IOR
W 7 U /D T VI Y B, 7 Sh S I 265 v Rl BE S ) £ 28

23
B LovwRTT
2| ECF B
| PATS &
5.1 [EElPW-PATS

2.0

19

1.8 -

FRAR R E MEAR bR (AR /D1 L %)

S g &

14 ) . . )
LowRTT ECF PATS PW-PATS
TR7S
13 =R 5 I RS E PEXT L

Figure 13 Comparison of scheduling stability in three-path

heterogeneity scenarios

P R00OR W N BE T o 28 AR B , PW-PATS 7E £ 1§
L5 2 I VA B TR A Y LI v ) B AR U4 A R R B
SCEL T Ee R AR RE . IXIESE T PW-PATS il
W-PAT 1 I BE 5 76 2h 25 1% 48 ok % b AR 15 R 45 1 Faoe
P, R B A e O AT 5 BOW YL SR R -

4 Z5FIE

AR SCHEFE T MP-QUIC 78 5 74 X 25 PR 55 T 1Y 22 1%
A A )AL, e %o A A R AL v A R Y ) R I
HoLB 45 [n] {81 , £ th T — Fh JE T AR Je 2 5 %54
F AT E] B PW-PATS 535 . dl it 5] A SPQ Fll WPS [
MUZ IR, SET N Z L e 95 45 2 % 4 o i
HI PR E AL . DF BLSE0 25 B R B A3 T LowRTT 54
2, PW-PATS 76417 96 22 5 (B Ik 22 5 IR A S 5%
T YRR W R T O I AL R ROR S AR g8 W
U )R 2 HTML O 58 5 5 5 18 I 8] 55z 8 7] 47
69% , 7% M 5L IFAT 48 X CSS % I ¢ 1 i ] fie
151 AT 45 2 79.8% , 7] B A A4 T T8 o 48 1) 8] 76 AN W] 37 5%



o2 M

Fh A T INARLE e 95 H i A0 2 3k B a] (4 MP-QUIC 18 J& 8k 873

T RS i = 24%~48.9% W) 0 E AR A, A RUR YL T S
A IR 2% T S o R R A ek P P A PR

JLAE PW-PATS £ 5 B IR 355 v e 91 AR i P g
EABAFAE LA ARSI - 1 00, BB s 75 ) 4% 2R 85 158
o PEATY 5 2 — 25 Bk, U R A B R R R U
W Bl Y EL RS Bl 2% rp () 3 B 1R 2 45 HOR, X T
Pt S 9 e S A5 AU = BT HTTP/2.0 AL E AR &, X F
AR e R B HLH A T Y R i )m , ik
T AW i R 285 25 AT 18 7 S P A B AL o A R oo o
T HFE, F—2 TAERBZELU T ILA I mE
TF— BRI hAS F A& B e R L, 5k B
g AR A X 260 TR S AV 5575 2K A sh AR AL 3 S mg s —
T RIS S B o0 26 FRBE T 11435 48 03K, 30 01E B 9 7
B g s e R B .

S 30k

[1] Schurman E, Brutlag J. Performance related changes and their
user impact[C]//Velocity Web Performance and Operations
Conference. Sebastopol: O’Reilly Media, Inc., 2009: 1-13.

[2] Tian Y, Xu K, Ansari N. TCP in wireless environments:
Problems and solutions[J]. IEEE Communications Maga-
zine, 2005, 43(3): S27-S32.

[3] Khalili R, Gast N, Popovic M, et al. MPTCP is not Pareto-
optimal: Performance issues and a possible solution[J].
IEEE/ACM Transactions on Networking, 2013, 21(5):
1651-1665.

[4] Honda M, Nishida Y, Raiciu C, et al. Is it still possible to
extend TCP?[C]//Proceedings of the 2011 ACM SIGCOMM
Conference on Internet Measurement Conference. New York:
ACM, 2011: 181-194.

[5] RFC 9000 QUIC: A UDP-based multiplexed and secure
transport[S/OL]. https://rfceditor.org/rfc/rfc9000.txt.

[6] CuiY,LiTX, LiuC, et al. Innovating transport with QUIC:
Design approaches and research challenges[J]. IEEE Internet
Computing, 2017, 21(2): 72-76.

[7] Zreikat A. Performance evaluation of 5G/WiFi-6 coexis-
tence[J]. International Journal of Circuits, Systems and Sig-
nal Processing, 2020, 14: 903-913.

(8] PR, BHIR, IRRXK, % . SGHTHHARLIARI]. B
F2E4R, 2023, 51(3): 765-778.

Xu Chenren, Ma Xiangtian, Xu Haotian, et al. A survey of
5G anti-interference technology[J]. Acta Electronica Sini-
ca, 2023, 51(3): 765-778. (in Chinese)

[9] Andrews J G, Buzzi S, Choi W, et al. What will 5G be [J].
IEEE Journal on Selected Areas in Communications, 2014,
32(6): 1065-1082.

[10] Fud, khaaml, £/ 55 e IR 28 Tl 55

FERTRA B L], B4R, 2024, 52(5): 1506-1515.
Wang Chaowei, Du Jianan, Wang Cheng, et al. A hybrid

routing based on traffic scheduling in double-layer soft-
ware defined satellite networks[J]. Acta Electronica Sini-
ca, 2024, 52(5): 1506-1515. (in Chinese)

[11] De Coninck Q, Bonaventure O. Multipath QUIC: Design
and evaluation[C]//Proceedings of the 13th International
Conference on Emerging Networking EXperiments and
Technologies. New York: ACM, 2017: 160-166.

[12] Viernickel T, Froemmgen A, Rizk A, et al. Multipath QU-
IC: A deployable multipath transport protocol[C]//2018
IEEE International Conference on Communications. Pis-
cataway: IEEE, 2018: 8422951.

[13] Peng Q Y, Walid A, Hwang J, et al. Multipath TCP: Anal-
ysis, design, and implementation[J]. IEEE/ACM Transac-
tions on Networking, 2016, 24(1): 596-609.

[14] RFC 6182 Architectural guidelines for multipath TCP de-
velopment[S]. Internet Eng. Task Force, Fremont, CA,
USA, 2011.

[15] Paasch C, Detal G, Duchene F, et al. Exploring mobile/
WiFi handover with multipath TCP[C]//Proceedings of
the 2012 ACM SIGCOMM Workshop on Cellular Net-
works: Operations, Challenges, and Future Design. New
York: ACM, 2012: 31-36.

[16] Sarwar G, Boreli R, Lochin E, et al. Performance evalua-
tion of multipath transport protocol in heterogeneous net-
work environments[C]//2012 International Symposium on
Communications and Information Technologies. Piscat-
away: IEEE, 2012: 985-990.

[17] Paasch C, Ferlin S, Alay O, et al. Experimental evalua-
tion of multipath TCP schedulers[C]//Proceedings of the
2014 ACM SIGCOMM Workshop on Capacity Sharing
Workshop. New York: ACM, 2014: 27-32.

[18] Gao Q, Wang CY, Yin Y, et al. PATS: A packet-arrival-time
based scheduler for MPQUIC|[C]//Proceedings of the 3rd
International Conference on Networks, Communications and
Information Technology. New York: ACM, 2024: 126-131.

[19] Xue K, Chen K, Ni D, et al. Survey of MPTCP-based
multipath transmission optimization[J]. Journal of Com-
puter Research and Development, 2016, 53(11): 2512-
2529.

[20] Yang F, Wang Q, Amer P D. Out-of-order transmission
for in-order arrival scheduling for multipath TCP[C]//Pro-
ceedings of the 28th International Conference on Ad-
vanced Information Networking and Applications Work-
shops. Piscataway: IEEE, 2014: 749-752.

[21] Rabitsch A, Hurtig P, Brunstrom A. A stream-aware mul-
tipath QUIC scheduler for heterogeneous paths[C]//Pro-
ceedings of the Workshop on the Evolution, Performance, and
Interoperability of QUIC. New York: ACM, 2018: 29-35.

[22] Lim Y S, Nahum E M, Towsley D, et al. ECF: An MPTCP
path scheduler to manage heterogeneous paths[C]//Proceedings



874 H, T

o
==

il 2026 4F

(23]

[24]

[25]

[26]

[27]

of the 13th International Conference on Emerging Net-
working EXperiments and Technologies. New York: ACM,
2017: 147-159.

Shi H, Cui Y, Wang X, et al. STMS: Improving MPTCP
throughput under heterogeneous networks[C]//2018 USENIX
Annual Technical Conference (USENIX ATC 18). Boston:
USENIX Association, 2018: 719-730.

Shi X, Wang L, Zhang F, et al. FStream: Flexible stream
scheduling and prioritizing in multipath-QUIC[C]//Pro-
ceedings of the 25th International Conference on Parallel
and Distributed Systems. Piscataway: IEEE, 2019:921-924.
Shi X, Wang L, Zhang F, et al. PStream: Priority-based
stream scheduling for heterogeneous paths in multipath-
QUIC[C]//Proceedings of the 29th International Confer-
ence on Computer Communications and Networks. Piscat-
away: IEEE, 2020: 9209682.

Guo Y E, Nikravesh A, Mao Z M, et al. Accelerating mul-
tipath transport through balanced subflow completion[C]//
Proceedings of the 23rd Annual International Conference on
Mobile Computing and Networking. New York: ACM,
2017: 141-153.

Zheng Z L, Ma Y F, Liu Y M, et al. XLINK: QoE-driven
multi-path QUIC transport in large-scale video services[C]//
Proceedings of the 2021 ACM SIGCOMM 2021 Confer-
ence. New York: ACM, 2021: 418-432.

EEEN

& 9,20004F 9 H HAE TS A
o BUAEIN R 2E Y35 15 B TR 24 B i +-A)F
O 20 S A TIPS CTE 2 (2RI e R AN
215 5 MPQUIC ¥ 544

E-mail: Dubnium108@icloud.com

BR B J9,20024F 8 JT AL T 48 1 1
o BRI R0 5 5 B TR B AL AF
JerE o FEMSETT 1 B R FEC 4ih | [ 4%
T IG5 TR A
E-mail: chenzhan2002@gmail.com

£BR  5,200244 A H4EFIE KT
Mo BUAMRIMN R 2E Y HS (5 B TR B i+ F
A T T 1] R 1) 20 B A 5 T2k
5.

E-mail: 3538726832@qq.com

(28]

[30]

[31]

[32]

[33]

[34]

Liang X B, Zhao B K, Peng W, et al. Towards effective
multipath scheduling with multipath QUIC in heterogeneous
paths[C]//Proceedings of the 10th International Conference
on Information Systems and Computing Technology. Pis-
cataway: IEEE, 2022: 472-479.

Xing Y T, Xue K P, Zhang Y, et al. A stream-aware MPQUIC
scheduler for HTTP traffic in mobile networks[J]. IEEE
Transactions on Wireless Communications, 2023, 22(4): 2775-
2788.

Lee S, Yoo J. Reinforcement learning based multipath
QUIC scheduler for multimedia streaming[J]. Sensors,
2022, 22(17): 6333.

Wu H J, Alay O, Brunstrom A, et al. Peekaboo: Learning-
based multipath scheduling for dynamic heterogeneous
environments[J]. IEEE Journal on Selected Areas in Com-
munications, 2020, 38(10): 2295-2310.

Belshe M, Peon R, Thomson M. Hypertext transfer proto-
col version 2 (HTTP/2)[EB/OL]. (2015-05-13)[2025-08-
04]. https://www.rfc-editor.org/rfc/rfc7540.

Lantz B, Heller B, McKeown N. A network in a laptop:
Rapid prototyping for software-defined networks[C]//Pro-
ceedings of the 9th ACM SIGCOMM Workshop on Hot
Topics in Networks. New York: ACM, 2010: 1-6.
XQUIC: A high-performance QUIC library[EB/OL]. (2024-
04-28)[2025-08-04]. https://github.com/alibaba/xquic.

AR 5, 1985 4F 10 A th A4 Tt S
M. BN R AP35 15 B TR 2B By 2
W B . EEHIETT 1) JCLm AR I S
Sk, PEATA SR 0SS E190197703M
E-mail: dwq_qz@fzu.edu.cn

WM 199547 1 A AR SR
o BRI RS e it il A e v . 22T
SET7 ] o {5 38 G 5 TC L 5 45
E-mail: xzp_fzu@163.com

BREFE  F,19864F 12 A i THE#A %
Mo BRI K H 5 15 B TR A B L
B BB TR EEmG S L. B
[ L F24 2 25 B 45 - £190021215M
E-mail: t14009@fzu.edu.cn



