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Abstract  Network measurement is the foundation of network monitoring, configuration

optimization, and fault diagnosis. In recent years, in-band network telemetry has become a
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hotspot in current network measurement technology research due to its real-time performance,
high accuracy and outstanding characteristics. Aiming at the scenario of high-speed interconnection
networks in supercomputing systems (i. e., high performance computing system), this paper
proposes a LightWeight In-band Network Telemetry architecture (LW-INT). Abandoning the
reliance on IEEE 1588 Precision Time Protocol for global clock synchronization, this architecture
adopts a segmented delay measurement method and integrates lightweight Built-In Telemetry
Units (BITU) into the ports of network chips, which enables accurate measurements of end-to-
end routing paths, link status and hop-by-hop network latency in interconnection networks. It
also features the remarkable advantages of low occupation of hardware logic resources and low
difficulty in engineering implementation. On this basis, this paper defines the Minimum Path
Coverage Problem for Telemetry (MPCP-T), proves that the problem is NP-complete, and
proposes two heuristic scheduling algorithms for telemetry tasks (A2A-CB and A2A-EP).
Adopting the strategies of “cutback optimization” and “incremental expansion” respectively, the
two algorithms achieve complete coverage of all measurement objects in the entire network with
fewer telemetry scheduling times (i. e. , less telemetry task quantity). To verify the effectiveness
of the proposed architecture and algorithms, the hardware implementation and resource evaluation
of the core modules of LW-INT are completed based on an FPGA platform, and multi-
dimensional experiments are carried out on three typical supercomputing network topologies,
namely Fat-Tree, Torus and Dragonfly. Meanwhile, the Mininet simulation platform 1s used to
analyze the network resource occupation characteristics of the telemetry mechanism.
Experimental results show that the BITU module of the LW-INT architecture reduces the
occupation of key hardware resources by more than 35% compared with the IEEE 1588 module,
and the segmented delay measurement method can realize the accurate measurement of
transmission latency. In a network with P host nodes, the AZA-EP algorithm reduces the
telemetry task quantity of the basic A2A algorithm from O(P?) to O(P), and achieves performance
comparable to that of the INTO-CH benchmark algorithm with higher computational complexity.
Although the A2A-CB algorithm is slightly inferior to the A2A-EP algorithm in performance, it
has lower computational complexity, making it more suitable for large-scale supercomputing
network scenarios. Moreover, the telemetry task quantities of both algorithms are significantly
better than that of the SARG benchmark algorithm. In summary, the LW-INT architecture and
its A2A-CB/EP telemetry scheduling algorithms proposed in this paper effectively solve the key
problems of lightweight and high-efficiency measurement for the data plane of supercomputing
interconnection networks, and provide important technical support and practical references for the
state perception and intelligent operation and maintenance of interconnection networks in the next-

generation supercomputing systems.
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17. BC enable <— False

18. Break

19. I BC enable===True then

20. Foreach Link in 7(u,v) do

21. Link. PassedBy <— Link. PassedBy - { (u,
)}

22. T<T-{(usv)}

23. Return T

i DL b BT UL, A2A-CB 8338 o 8 Se 4 il
A T RE AT 55 4% B AR K B HE Y OR AR Se e %
1B 0 B AR R AT U 3 L A ARS BRI S i A% I T
A A 5 A 9 LA AT 55 3 DU A9 AT 55 . AN AR AR AT 55
H£45.

4.3 A2A-EPE%

J T R fFEMPCP-T [ 8, A SCHE 55 4 —Fh s
KRR M A2A-EP. ZA LM RA B Bk
3 o2 I 3% X 4 TR BT A B ER R AR (A2AD L SR AR

ARHBEERKEGR. ARSI ETF R AR
J& (ExPend , EP)JE iU 2 1 AT 55 42 & . AR &
PRy o R S R S B H R 2
% FR B AR O6E N7 ) B AT 5 I ABE G [ SR T
YT RO ATE G 10 i AR Y R B G B AR
H o TR0 I 6 H AR 0 A BT o B8 H 0
“OVH, D)3 DA 55 45 G Al e e Al

Bik2. A2A-EPE LN

i1 A :Network, G=(VHUVS, E)

B th :INT Task Set, T

1. T< s

2. FlowSet<—{ (u, ) |ucVH,v&VH,u7v)

3. Foreach ucVH

4.  Foreach v&VH and v%u

5. DoINT Cusv)  //HRAT A A 199 265 2 000 4 G
a8

6. Set (u,v). PathLen <= [r-(u,v)|

7. while FlowSet 7 ()

8. Choose (u,v) in FlowSet with the largest LinkCnt

9. if LinkCnt 7 0

10. T<=TU {(usv)}

11. Flowset<— Flowset - {(«,v)}

12. Foreach (0,p) in FlowSet

13. (0, p). LinkCnt= (0, p). LinkCnt- [r Cu» ) (7
Cosp)|

14.  else if LinkCnt == 0

15. FlowSet <— FlowSet - {(u,v)}

16. Return T

A2A-EP B L RS i & vk 2 frs . &
2 19 IF 1R 38 4 (Line2~Line5) 5 45 ¥ A2A-CB 2%
L ARG B BT 5522 & TR R BT A ml fig
AR SRIT L S B A T T B I 22 1 I R B AR
Y R B E AT 55 4R A (Line7~Lineld) . B4 J&
— AT S5 T B ITA REMAES T i
H A () R 7 35 BE B H (Linel1~Linel2) . g
¥ P B AR 1 R 7 T B I BT IS 0 I A
oA & AT 55 AR G I B AR AR A T N BR X % AR
(Linel3~14). Hr, FlowSet H K10 7 A b 4 A
DIAT: 55 455 10 5 PR A2, R0 AR 18 R O£ £ 1)
A % i #5455 FlowSet HP Y JIT A 3% i 2% 42 H
—> LinkCnt 48 5 i 5 A o 4 6 10 %0 B A s
1B A I B AR A B 5 3 21 B PR AR (s ) BT
JEE 3 3 AT 55 42 & 1, FlowSet 24 th BT A 8% 1 B%
12 W2 BUE AR T ZE R A B B AR 5 (s o) A
IAERECE o
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A A SRR AT UL, A2A - EP 340 2 T HRAJ % Hy
AR P A 2 V% 5 R B A RS R e PR DA 55
3 3 AN T B P SRS 10 A 3 i B T BB T
HENAT 55 BERE RO L 90 . N ITTAR RS AL AT 5546
4.4 HEEZEESW

A G SEIE R MPCP-T [0) 5k NP 584 )i ,
SRIG T A2A-CBFI A2A-EP &L 38 2 24 .
4.4.1 MPCP-T [a] sk s

%N HAE B MPCP-T 0] 5 2 NP 58 4 0] 5,
W AR /INT Z AT A5 2R (R 45 5 19 B 3% I 4%
EGV,.E), VAT SER E NEEHES R A H
B4 T NI/ NIBSEIT 5 4 . P %M %
FHLN S IR E GV, E)R EHL SEA
VH 9T 25519 58] 8% AR 6 5 1 BE A H - 1
HA D,

5|3 1. MPCP-T [n)#i&E T NP 2&n] i

IEER AR R A R ENAE S A T,
Al DL DU A BRI UE & 75 S MPCP-T [n] 8 i) ]
il e S—20 a0 P E b B4 Bk i el 78 25 10 B 5 L A
B S B R  BDBE T — B N B AR 0
55 28 N T R RS 1 AT 55 2% 0 R i) — 2%
AR BRAR . FESE 20 e g B A e [R) A
JE A OED A6 LA % 75 1 7 5 19 I5F [ 4 2%
N O(T D) I S 5 24 8 O+ T'D) .
55 BRI 28 O T D . FrLA, Al LLE £ 5
= 8] Y 56 0 T2 75 8 MPCP-T R 7l 47 . B
MPCP-T J&F NP 2&[a)fi, JEHE,

513 2. ATAa SCP [n) 8 AT 7 22 10 =X A [ia] P A1
241> MPCP-T |1

iE BF . 45 A 7 3% 0] 8 (Set Covering Problem,
SCP) J& 25 B (1) NP 5% 4 [a] -, Hog Uk - 45 8
TCRES U= {uvuys - vu,) MU TR S=(S,,
Sps s S0 FIEB/NHBLH FHEB S S, fli 15
Uses S=U. it LI B A SCP 524 (UL S)
AL MPCP-T 5201 (G R) « (1) W 4 7T 5 me it
by ki H . HF SCP i A o8 R weU B 5t
MPCP-T () — 5583 e €E Bl E={e,1 e, ve,} »
Hrpeou. (WG EA W FEMG R ik 2. ¥
SCP W AT 5 SeS WL A MPCP-T Hi il — 2%
B AR rER G AR IS 5 ST R X N BT
AR B S= 1wt swd s W r={es 0,00
e} o () FEMLNT piAb . BB A FEHLTT A5 s Fl 2, BT
A I AR r 358 SR M s B) £ 0 B ) S AR L B R A

SRR S X R — A

T U6 B SCP S B £F A8 T AT ff S BLACY
MPCP-T SEBIAFAEnT AT T o FLWE A — 2. (D
WLELNE A7 ST SCP AT AT (U c o S=1D . JULKE S
T X I A b B AR A G T S5 RS T
M SEEIAITTE U W TES AR E, T
J& MPCP-T BRI 1 Tf# . (2) T 50tk 45 T/ MPCP-T
(AT A7 i R 56 T A S 8% B L UK T v B A 3 0 3%
XN A FAERI L S . T T 7 35 T A Sk I £ )
ST A ICE U, B S SCP Y Al 11 . (3)[S'|=]
T'[, BRI SCP fi# 1) fe /NI 5 MPCP-T fi# 19 5 /N R
BSE M. FiRBg R R ST SR T
46 5 1 H B AR 1 LS 359 R — — X 7 ) B[] R O
(JU|+S|]+£) (&} SCP T4 KN, & T L2 1
P RS

EIE1. MPCP-T & NP 584 n)

I BA AR 4 51 1 AT, MPCP [n] U T NP 28
)R . MR 5 2 w] AT, A7 E N NP 52 4 ] {8 SCP
F| MPCP-T %) Z2 350 X i [8] KL 2 o AR 98 NP 52 42 [n]
B %E L MPCP-T J& NP 5¢ 4[] il

HEEE .

IeAk . i F MPCP-T [al A7 7E 2 /D —AS ] 17 fi#
(B A2A JERIE LSS 0@ AT 55 4 At — ]
F1ff ) BT AT A (0 B30 2 A PR GE DT 5526 &
T R 2770 T A BRAE 2 G Hh b SR A7 A i
/METCE T L) MPCP-T [8) 81— & AR e fe i . 2
I TR B MP 5¢ 4[] {81, 78 K HIUSE I 24 37 5%
T TG IR B A AR 2 I S R] PSR A R
LA e B DU o [R) A2 4% 3 4R A5 w8 ot 1) 3
TR o
4.4.2 A2A-CBitHEE I

A2A-CB B 1 S0 Uh A B0 2548, B ) 42 4
FENOUED o BifiJe » X 45 %5 15 5 o Ao (GE VHE )
THRABE AR I HURT RS B A5 B it B A I 18] 52 2% R
OUVHD) . 13 B R B HEy 2 4%
A O VHPlogl VHP) o )i B kB A K 2 i
802 5 0l AR A DT B B AN s L 1 B A L BT A R
OUVHRD) . 44515 » A2A-CB 51 59 st a) &
=R O VHI-D) .

4.4.3 A2A-EP 5 20

A2A-EP Wit 58 4% B R Bl PR 43 AL, 43
B BRARTT RN B OGBS . IR AT AR
Iy ZR I 2 OUVHPD) , TR 1 5 5
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241 O VHIDlog| VHP) . 48T 5 AN
33 5 2 B o O VHI-D-log| VHP) .

Al UL, AT A2A-CB 36 A2A-EP Bk ad 1t
AR AR .

5 KT

RT ARG M ITAL LA PN R I A A R AR
R M RR A M L AR SCIRETH IR S T =AY E IR
By . e T FPGA A4 LW-INT 12 il 42 4
PEAT T RE PRS2, 5 OO T AR D D) RE AR B
BITU f 8 {4 58 U5 o7 AR 00« 9 %65 43 B e 38 o L
T AT ATPE AT TR BE . HOR Gl S 5 T
Python 4 5256 31385, X A2A-CB/EP 34 4k 75 12 AT
55 AR | B[R] A2 2% B 4 T Pk R e AR ifE AT T
WA 2 5 3 Mininet W 2507 B & , g —
AT BTPPAR T AR SCHE M AR PR 3 0 ATL 1 7 19X 286 7
i CEL 3G FE T B CPU (5 D) DL K% 43 B Sk 3R i
A RE RN Dy AR bR LRI
5.1 LW-INTIENZEH K5

FT FPGA V& A5 1 Se PEAG Al P 12 DI 2244
Ft B0 BITU (14 55 U5 #E , S8 J5 30 UE 43 BEAE IR B
i LR AEIR (1) r] AT
5.1.1 BITUREINFE

FET 3.4 BT R i oA R I PR G BITU 2,
AR Verilog i #5348 18 5 5¢ L T BITU )2
REMS ST . HIIE BITU MR i U M, A So ik
#£ OpenCore “F 542 4L 1Y FF 5 IEEE 1588 B H A
S FEWERLER . FE FPGA KA 58 v 58 2 #2755
5585 % BITU fUJF IR IEEE 1588 55 8 fi A 4:
PR AT TS BARGE SRANR 2 R .

%2 BITUFNIEEE 1588 7£ FPGA LI & R(EAIER

IR BITU IEEE 1588
CLB LUTs 546 1442
CLB Registers 1332 2038
CLB 424 343
LUT as Logic 546 1298
LUT as Memory 0 144
LUT Flip Flop Paires 202 551

EPR AL 25 9 R, BITU £6 88 04 % B4 1
8T R IEEE 1588 #dk . HAKIM 5 , BITU
£ CLB LUTs. CLB Registers. LUT as Logic #l
LUT Flip Flop Pairs %5 X4 ¥ I _E 14 5 F R IR A%

T IEEE 1588 84k, 43775448 1 6220352058 %0 il
63%0. [RIFF, BITU Al A5 (LUT as Memory)
BEUR DR T IR R T IR, LRSS
A IR T A SCE A9 LW-INT & —F i 2
1438 DU 2R 48, OAZ O D RB A H BITU H A7 6 12 45
IR 5 A H g A s
5.1.2 SrBIEREEE

HRAE 3. 575 3 B 4838 6 )y ik mI AT, 46 SiE IR
F2 P R 2 TR R GR R R, 4 ) R A e AE R
(SwitchLatency) Fl 1% i 4E iR (TransmitLatency) .
TR TAEFPGA V& FAUSEHL T BITU B M 4%
Uity 1RO B B 2 MAC A4 B2 PCS SRR, H g Xt
VR 0 oty 11 300 3 T X6 2 14) D) 6% PRk A 1) 42 i A
WHEATI & . 761% FPGA ¥ & I, MAC.BITU.
PCS % 5 i TAEAT R R 80 MHz, 0 £ b 11 38K 1%
R 20 Gbps(4 X5 Gbps) o SEEEAT T LUK AFRYY
TE IO (R B 1) 6 2 376 42 A4 i 11, R R
BREFICEFOTT St E B OTTTime) .
i G 3R R 0 4 R AR N 2 3 BT

R3 ETFESEFKETEHTERMNEFER

FeLF K SefERm4ER  OTTTime  MRZER  ZERZE(Y
(m) (ns) JEHIEO (ns) (ns)
5 25 42 525 500
10 50 45 562.5 512.5
15 75 45 562.5 487.5
20 100 50 625 525
25 125 51 637.5 512.5

A i 0B SR ) 2 HR B L B TG LT (R B
ik BITU AL 5 20 () OT T Time J& 3450 % Ho e
SR I S SR AL R R B . ARPE A S AL
(AL R Ry 2 X 105K/ B8 v T3 65 5 A AL i
TR T i ] A 5 40D o 0 2B SRk 25 615 515 i
FESR 5 A5 30 0 i 3R 25 (8, =5 A0 5 I 4% s 11 4 B2
b PRAEIR Ko 1 25 o AR P9 285 i 11 4 B J22 A L
IR A 500 GRS, D 5% 25 1 de KA Dk 2 A4 B Al
191, B 25 g0 AP . H I AT 0, FE R R ASIC SE B,
BITU A4 T AREAR & H R 28 vy 11 38 R0 5 T FPGA 52
PR, LA A S 3R (0 1 25 K S BRI, IR &G
TR A SR A LW-INT 2R 44 2 — i3 B 27 110
T I ZRAE LR FH 1) 43 BEAE R JE 7 VA AR D o A%
FEIR Ty T EAT AT AT A R
5.2 A2A-CB/EPifiE & i%Li6

Tl A2A-CB/EP S AgbERE A SCET
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Xif R AR G0 — R BRI 45 41 P S5 F (Fat-Tree ™™
Torus™"\ Dragonfly ) JF J& T 5255 . X F AR b
SERE S AN R 2 BOBUEL RS 25 7= A AS TR] R 40 0 S5 1)
XFF R FN LB A SO T A2A-CB/EP 8%
FILAER L TERE. T A2A-CB/EPBL R 2
Rl He MPCP-T [ 8, B 3345 > i3 AT 45 LA 7
0 X245 10 BT A B8 PR B A o DRI AR SO ) — £ sz )
TR AT 55 50V R A RO [R] 3 0 3 3 A3 v e
XF H B9 46 bR . 7S Sl Python i 55 528 T FF ik 52
0 P R 11 1 00 8 3 B A, L v I 4 N 2 A A A
1) B R R B FR B A 1 1T 5R S R T Python 15
5 ) NetworkX £,

LA — & i AR SS f Lb AT, AR E N
Intel (R) Xeon(R) Gold 6126 CPU @ 2. 60 GHz &b
28 528GB £« CentOS Linux 7 (Core) #:4F %
%t \Python 2. 7. 5 A< \NetworkX 2. 2 JjitA
5.2.1 FEMERE

FEPEREIEAG 250 v, AR SCe B8 T T b S 5 1%
FATFHERERT L, a7 SRR an R

(DA2A FEREE L 4. 235 frk L iZ Bk 2
A2A-CB Bk 24 223 T Ul 0 4 5538 43 1 S A B3
Peo B PR BAL SUECH W A2A JERE ST ™
A W IAT 55 1 PX(P-1).

(2)INTO-CHE iz B L JE Gk 21 142 i
FH T P INTO 9 4% 388 0 98 B2 19 42 th 4k (INTO
Concentrate Optimization) [A] Y 5 & X%k . Hilx
WG T B Z 24 R OPem+nem™) , o n Ay
) 2% e it 1180 o Sk X285 Hh L) 386 PR AR 8

INTO [7] {8 24 5T 4328 W0 1) 25 6 o BT RR il
T AT 4 U WO FE R A i I A . T
AR AT M A LW -INTT 55 28 A5 P 90 6% 328 T 42 4
w2 BN 18 0 30T 4 AR 12 5T R
A AR 328 i SC AT LA AL i SR I 45 AT T
SO RIS B . S T 0 Pk BEXT HE A A S
BE INTO-CH Bk B 45 2 JCRR Y

AR, i SCar BT AT AT, INTO-CH 892 1355
BREREE T A2A-CBHIA2A-EPA .

(3)SARG F: 232 SCHRL 24 48 i —
G4 BEHL 97 00 5 W S5 0L IE KM B9 e 20k
o0 H b A2 W 2 D1 58 #14k (Network Function
Virtualization, NFV) Ik 45 2l g #% (Service Function
Chain, SFC) 4 B # fIL Wi #% it (Monitoring Flow,
ME)HE A, 76T fE T A W4 e oK 1) ) o de /Mg
DTS o AL E 2N OX-L) o L kg

SFC 7 55 1P HBE R, X ORAAEIR s ARk B

SARG B 3L ANFV M Y] 5 Wi it il R
ZH P MRS A R WO . W RE
SARG i fE . XF SARG Bk LS EOE T
REAPLE K AR BR IR A 107, A H1 3R 10 7, & R iR
JEN 1o T X AL 8 X SARG 5 ik 4T
T AR R (D MF KN O 3 & |E] i
K MF RN AT 55 5 (2) 5 It A 455 % 1) 1 2 2 o
() Gt — V¢ B AT AR R L ok b R % 22 S 4 4
P55 MF ; (304 T A ik 3% 114 328 Y 0 24 3 (0,0 B2 — 15
BN SF 3 00 70 f) I, 3 G 3 0 0 24 55
ME F 2 s (4) K545 i 1 BRAE IR R B AR (y D BEE N
FALT P, i R BE B S R 4 7K 4 ME . it
Hb B SARG FVLIZ 1T I 5L BRiR H AR HE O < 1k
SRR J 2 1k 25 5025 4% I 7 15 R 35 3] 100%4
B s DI T 5 A SO 09 S0k A T B EL A
5.2.2 3T Fat-Tree JHFMIXT H

JHEART (Fat-Tree) #H NS HA 5 55 43l 58 ALK
W26 AR AL A, PR32 1 TR 5 R 5 ) ans
BRI FOR S K H L4 (NSCC-TH 7 iy K] — 5
(TH-1ADM” FiE G 5 M ot (NSCC-G2) 1)
“R 5 CTH-2)M 7 8% AR S50 . AR S5
(4 R AR 1 D 45 38 2R T m-port-n-tree BE AL (FT (m,
) AR TR FH OSRM i R 305

XFF FTGns ) 1ERY, S2 46755 550F1 AL 80 A
2B ECH B m A 1e FT )R] L35 m X
On/ 2y DA S EE HFHCn— D X Gn/2) A
SR LTI 0 > /2 S PR B . 4 TR
HAEASFISEEUE T 0 FTOn ) 3R NSRS 0L

R4 EAMSHEEETHFT (m,n)HAiNER
bt FHTAEE A B
ZFR M “™ %
FT(16,2) 128 24 256
FT(24,2) 288 36 576
FT(32,2) 512 48 1024
FT(8,3) 128 80 384
FT(16,3) 1024 320 3072
FT(20,3) 2000 500 6000

IRSLEGF A T ASHPZEBY FT G, )RR /R 25 25
FIFSEE T OSRM B FR 5365 43l AR 4 Tk oS
Pl F S5 R S R A 43 s 1T A2A-CB/EP Fl
INTO-CH 532 4845 4% A 333257 A i 18 AT 55 4
W 8 TR o
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SARG 0 A2A-E
B A2A-CB | 8 INTO-CH

4000 6000 8000 10000
RENME S5 HIK

K8  INFh Fat-Tree #ifh iAs Al 50k 7 A i AT 55 4 HE AR

K S SZI B R M . (DTE B ASFFEFTGna )
NI, AZA-EP B %5 INTO-CH 4 5% 7=
A (R AT 55t v JBE 0T R o) 2 (L C R & X 2 {1 o
INTO-CH M B LT 55 = W ) S K24 H
1.04% . (EfEFEEM . FEFT16,2) M FT(16,3)
BRI Fh R A2A-EP B35 05 T INTO-CH
WERH: 2.99% F10.19% . (2) 5 INTO-CH FE#ESA
DA EE s A2A-CB 57 77 A= 19 38 DN AT 55 6 19 R X 22
B [ R 9. 77%~30. 2%, P 1 {H 29 2 20. 03% .
(DM T A2A FEl 5 . A2A-CB/EP 5 1 1%
DIAT 55 5 S0 T 30 e )\ E B AR . il an . 78 P=
2000 1) FT(20, )4+ . A2A JERN AT 55 5 R
3998000 K H A /%) o 11 A2A-EP Bk M1 A2A-CB
B B AT 55 B 91 R 2020 FT 2480, 43 5 46 U =
A2A FERIF I 690.05% F10. 06 % . (4) 5 SARG 3
HEB A HE . A2A-EP A1 A2A-CB B4k 72 Az 1 32 )
fE55 WAL, Flhn. 76 FT(16,2)H ,SARG &
AT 554k 2719, 1 A2A-EP #1 A2A-CB 4E 55
43 98 130 F1 157, SARG B v: i AT 55 1 40 9 2
A2A-EP M A2A-CB L) 20. Of5 117, 345%™ i
T A2A RINVFRAEAR 55 A B B .

WEFE T 5 » A2A-EP 534 5 INTO-CH 2 i 55
P A AT 55 ECH 20 O(P) s A2A-CB
P H INTO-CH e EH 5 B3 4T 45 52
B 29 20.03% , H SARG 85T Y 12 AT 55
TR 24 85. 6996 5 A2A FERH A4 2 1Y 38 AT 55
HEHZ N OPD.

5.2.3 T Torus#FFhayxt 1L

B RG KR UK 4E Torus AR
k-ary-n-cube &= 0.7 P 245 1) A b . G B} 2%
TR0 R B B 4 Tours S5/ O 2 28 E 2
Seffi . B4 FujisuZs mHEH A9 K computer 2R H Y
Tofu H. 3% W 2% & 6D Torus 45 f4, 12\ 7] 4 H B
Fugaku # 8 R 5tk I 19 TofuD H.iE MW H T
Torus ¥H N . A 3286 A7 1) Torus ¥ F0 % FH Torus
(Rysteys e s )RR s Horp Ry RS , bW EE i A4 I

R4 e RS 1 T ) B v R T4 1 6 1 DoR

[47]

(Dimension order Routing ) -}

AR F 1842 0 25 1) Fat-Tree 1 Dragonfly #i$h .
Torus 8% BT A HAE ML, FHL S 538815 4
SEEVEFN G, FHLT S TO R L e R R,
I BT 25 SC L. TorusChysbos oo s b FFIGS
FAAT LS oy X oy X oo+ X R, A SE ML 45 L3 L JEA
Fey X foy X o e X o, > A4 719 K 5 e 1 WU oy X oy X+ e X
k)X (n/2) 2 W BRAE I . 38 5 T 7R N AE 7S P S5
TE T B TorusChyskys -+ E)YNEERGIE I

x5 FEANMSEEVETH Torus(k,,k,, - k,) NG

FFh LA FHLWEEH S H B EE
HFR “™ “™ %
Torus(12,12) 144 144 144
Torus (16,16) 256 256 256
Torus (8,8,8) 512 512 768
Torus (7,6,5,4) 840 840 1680
Torus (6,5,5,3,3) 1350 1350 3375
Torus (6,5,5,3,3) 2160 2160 6480

ARSI T ISR TorusChy sk, -+ b )RR
PIZEZE AR IF LI T DoRFE . L5 5. 27—
B K9Gt 7R S PR AN FR M ST A
SAVE R AL 55 B LA

Torus(5,54,4.3,3) = |
Torus(6,5,5,3,3) =p ‘

Torus(7,6,5.4) B
Torus(8,8,8) |

— |

\
Torus(16,16) ‘ SARGEA2A-EP & A2ACBEINTO-CH

Torus(12,12) [

(=}

2000 4000 6000 8000
A 55 /R

B9 7Bk Torus $Hh A [A) 504" AR 28 D AE 55 ik LU AR

M9 SZ 86 4G v WL . (1) £F Torus #¥h 7,
A2A-EP #v: 5 INTO-CH K&l 8 1k iy Pk e — 8ok
o, BARTE L Torus(12,12) . Torus (16,
16) . Torus(8,8.8)F Torus(6.5.5,3.3,3) PUFPHHFH
Hh PR A R T AT 55 4 5 A — B0 AU L AR A
WINPT 22 5, BRI 2 E A8 2
1.29%. (2) A2A-CB 5 ¥ 19 & W AT 55 & & T
INTO-CH F B 75  HAX 225 F o~ 12. 50 %~
16. 67 % S EYMEZ) J 14. 57 % . (3) 5 A2A FEafE B
HHE s A2A-CB/EP 8k 1938 AT 55 s se 8l 1 8o
e ) ik 2 A . D, 75 P=2160 i) Torus(5,4,4,
3.3, D H A L A2A F Al R AT 55 & R 4663440
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(FEH R SR 1 A2A-EP 33 Al A2A-CB 83 5511
155 543 W0 1211 F1 1376, 2445 08 22 A2A Ll e
B2 0.03% . (4) 5 SARG HE e e A0 1 . A2A-
CB/EP Sk 3 AT 55 1 S0 T B FRAIK . Bin,
TE Torus(5,5,4,4,3, Db, A2A-CB 5% Al
A2A-EP B AT 55 153 91 e SARG BB T 44
79.56 % F182. 33% ;s (S){E A & )&, Torus #i$h
() 58 B S BR T SARG HM ) = Fh a4k 77 4 4 1%
DUAE 55t 23 /INF X0 g SE AL R 80l an P=2160 B
B KHE AT 55 5 R 1376<C2160) , 1% —FR4E 5 Fat-
Tree Fl Dragonfly PP [a] 45 28 T8 B 1 W i 22 57
5.2.4  FETF Dragonfly #i M XF b

Dragonfly #i$N*“ 50 T k-ary-n-cube ¥ iy
AL HZ AR 5 1 AT 3% J2 ROMARAIR B
1 B 28 AR F NS A () SRR . Cray 2 AR
[T Cascade R 48" Y XC30 #8 B HLA% R H Y el
J& Dragonfly #h b4t . A28 (9 Dragonfly #i4b
AR R DF (pyas g, D HR  Hrp p Fom B84 38 1
BLZEH EALEL, o R B2 B34 4 (Group) NI
ZIRHECH g R HECH  h Fom B A
T e ) LA 4 ) 4 SRl T . B T 1 R FH 3
Tt i 5 /N i (Mlinimal Routing )39,

XIF DE(psasgs DB A2 15 f A FEHLAT 5
149 1 265 i 11 %5 H 43900 8 p+- Ca-1D) +Rh A1 1. DF (p,
a>gs M ATLLFE pXaxX g A~ ML 5 B % A
aX g AT L TR B [aX gX (at+2p+h-1D 1/
2 PHEERS . 3R 6 R HAEASFISEURE N Y DF
(pra>gs DIFNERIE DL o

®6 EAMSHEBETHIDF(p,a,g,h)BIER
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Background

This paper investigates a problem within the field of High-
Performance Computing (HPC), specifically focusing on in-band
network telemetry methods and scheduling optimization in
interconnect networks. The core challenge addressed is the
Minimum Path Coverage Problem for Telemetry (MPCP-T) in
high-speed interconnect networks of supercomputers, particularly
concerning data plane measurements and telemetry scheduling.

Internationally, in-band network telemetry (INT) has
become a focal point in network measurement technology
research. Relevant studies have established INT specifications,
proposed telemetry architectures such as INT and AM-PM, and
developed scheduling algorithms like INTO and INTOPT, with
applications extended to Ethernet, optical networks, and wireless
networks. However, existing solutions struggle to adapt to the
unique characteristics of supercomputing interconnect networks,
such as the lack of IEEE 1588 protocol support and variations in
virtual channel latencies. Additionally, current scheduling algorithms
face issues of high computational complexity, failing to meet the
telemetry requirements of supercomputing systems.

In response to this situation, this paper proposes a
lightweight in-band telemetry architecture (LW-INT), enabling
accurate end-to-end routing path, link state, and hop-by-hop
delay measurements without the need for global synchronized

clocks. Simultaneously, it defines the MPCP-T problem model

circuit design.
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and designs two heuristic algorithms, A2A-CB and A2A-EP, to
approximate solutions for this NP-hard problem.

The research project under this study is funded by the
National Key Research and Development Program of China,
titled “Key Technology Verification for the Tianhe 20E-Level
Supercomputer” (Project No. 2025YFB3003100), with a sub-
project focusing on “High-Performance Interconnect Network
Technology inter Nodes” (Sub-project No. 2025YFB3003102).
This project is a priority special project within the field of high-
performance computing, aiming to achieve breakthroughs in critical
technologies such as the architecture of next-generation indigenous
supercomputing systems, novel processor structures, high-speed
interconnect networks, system-level infrastructure, software
environments, application-oriented co-design, large-scale system
management, and fault tolerance. The research team (Thianhe
team) has made significant achievements in supercomputing
system development, key technology breakthroughs. and
application implementations, with the Tianhe supercomputing
system and related research outcomes previously earning the
National Special Award for Scientific and Technological Progress.

The research findings of this paper can address the
lightweight and precise measurement of the data plane in the high-
of next-generation indigenous

speed interconnect networks

supercomputing systems, making it of great significance.



