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Abstract Traditional deadlock avoidance techniques commonly employ restricted routing algorithms to achieve
deadlock freedom for network-on-chip. Dimensional Bubble Routing Algorithm (DBRA) proposed a different
deadlock avoidance theory which ensures deadlock-free transmission by guaranteeing that the free space in
downstream routers is greater than the number of remaining dimensions, making it a promising deadlock-free
routing solution for network-on-chip. However, a significant drawback of the DBRA algorithm in
high-dimensional network-on-chip is that it requires a large amount of free buffer space to maintain its
deadlock-free properties. Specifically, for a packet with » remaining dimensions, the available buffer space in the
next hop queue must be at least n to ensure deadlock-free transmission. In contrast, Dimension-Order Routing
(DOR) does not require additional buffer space but has significant limitations: it strictly mandates routing to be
completed in a fixed dimensional order (e.g., X-dimension first, then Y-dimension), completely losing path
adaptability. This rigidity in paths can easily lead to packet accumulation when the network is locally congested,
significantly reducing network throughput and load scalability. This paper presents a novel deadlock-free fully
adaptive routing algorithm for network-on-chip called D2RA. The algorithm combines DBRA and Dimensional
Order Routing (DOR). It uses DOR when network buffer resources are scarce, thereby fully utilizing the path
diversity of DBRA while efficiently using the on-chip network's buffer resources. The algorithm is particularly
suitable for k-ary n-mesh networks. Compared to using DBRA alone, the hybrid routing algorithm significantly
reduces requirements of free spaces in the next buffer when employing DOR, moreover, DOR does not require
additional buffer space. This paper proves that D2RA guarantees deadlock-freeness in any k-ary n-mesh network,
and experimental results show that it has superior performance, as well as stronger load and dimension scalability.
In the 4-ary 3-mesh network, the D2RA algorithm achieves a reduction in average packet latency of up to 96%
compared to the DBRA algorithm, and up to 81.7% relative to other popular algorithms. Furthermore,
experiments conducted by varying the number of virtual channels (VCs) and network scale demonstrate the

exceptional advantages of the D2RA algorithm in resource-constrained Network-on-Chip (NoC) environments.

Key words dimensional bubble routing; dimension-order routing; mixed routing strategy; deadlock;
network-on-chip
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HITCEANE Bl HIROCELERE 1 A2 Fidh
B odm 2 B RDS(uyv)={1,2}y , W 4«
num (RDS (u,v)) =2 % min (RDS (u,v)) 13 E|4E
G RDS(u,v) P N u R R AN R YESE; A
Zumin = min (RDS (u,v)) , B1UW: RDS (u,v) = {1,2},
B2 gun=1 o E X a=sign(v—u),,, M
d'={gmmay, d €D, ac{-1,+1}, TATEX
YE 7 % HH R EON -

RP9% (u,v) £ neighbor (u,d’) 9)

2-B\%1 g = neighbor (u,d") ENBAF) g N5 A u 1E
d' 7518 B — Bk sl BAF, AT DOR 5 S
45 ] R AL

DOR _ ([True, if 1 <credit(c,q)
P2 (e, 0) = {False, otherwise (10)
FATE L D2RA FIE 1 #% HH R UM -
RP* 1 (1,v) = Roin (1,v) U RP% (u,v) (11)

£ D2RA SEl& 1, Oy 7 ORFF G HHERAT I 2 A1,
M R R AT RE I DBRA B SRS AT H ST
PRARIEFE

E X 13. 4% — A kary n-mesh M %%
(N,Q>, LB ceC PRI peP, HHETENF]
du,dy =c(p), HEIF Hv=dest(p), g &—" P\
Y H ge R”®(u,v) UR(u,v), FATE X D2RA
I B A2 1 BR

FP (0 p.q) — {True, if (FPPFOFPOR) =True

False, otherwise
(12)
D2RA % H i 8 bR HUE N
R4 = §({qo € R | FP""(c,p,q0) =True} U

{g € RPO" | FPPFC(c.p o) = False and FP°% (c,p,q,) = True})

(13)
FEL R AL 1%t ek B i e, Al
#AT LUK D2RA A 304k
D2RA = < RDQRA’ FCD2FC, RD2RA ~, (14)
N T 0 IR D2RA B HH I, FATHMAR
A AT IR
E3% 1. D2RA sk
BN ARSI SR A u = <u, wa,e, un>,
WL BARTI 5 v =<vi, va, e, vi>
fith: T —BEHFRBAS ¢
I E:={} /WGBS E A=
2. z=num(RDD(u, v))
[V AR ST TR AR 4 FE 77 TRl B4 (R 0 3R AL
3. IF(t==0)
4 q = <u, 0> /AR SC5E B HKE A U
5. ENDIF
6. ELSE /MR3CEA 56 G H
7 g = min (RDS(u,v)) llg EB/NEE S
8 FOR i := 1 TO n DO //NYESE | BI4ERE n G
IRZAGIAT AR SCRT g1 H ARBAS

9. a :=sign(v —u)i
10. [Fa=+10Ra==-1
11. d = <i, a> //{E d J7 [f) LRI AR B o0
12. q' := neighbor(u, d)

/1 "N uAE d J7 18 _EF — BRI g2 A
13. m := credit(q")

/1 m HBAF g5 R R SCE
14. IFm = z//ifi/& DBRA Jit4% ER 15
15. E = E+{q". high_priority}
16. END IF
17. ELSE IF g==i and m=1 // meet with DOR
18. E = E+{q" low priority}
19. END ELSE IF
20. END IF

21. END FOR
22. q = Select(E) //i% %% B ¥r A7
23. END ELSE
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K3 D2RA L PR R

3 5 D2RA BER — 7. B3 H, 35
uy B —ANRSCHE X F pt 07 R AR i B 2D, (R 2=2.
B, fE x5 b, ROCHTF RN SO
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ANii /2 DBRA Jitd%, 2 x a2 ORI /N EE B
credit (c, {us,x*)) =17 /& DOR = FkpAS
Cus, x DY E R e Bt NIE BB A .

E y 7w b, TN — BN SN
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NIEFBAIN G o X, RARSORKIESEE S
S, y™> ENF — B B b5 BA A .
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L DBRA HESR ML T T 2 (1) ik #% .
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A iE 1 4 TR0 1T L% DBRA F1 D2RA fif A=
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R85 Horh, w F v 34T BUBCE ANHE S5 2 4
1 50050 2% 05 RIS Fa R AEFE S 2 F0 i 4
J7 1A N — g2 b X HAE B AT LA, 15 A
KTEET z Mg 1 S04 00 XA LR
WA S5ITERSE | #MEERES. K 4b)f
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ri 0 ry B i B — 85 B A B A 5 50,
REWRE r B e XG5 P RER 1 HZERA
si IAEN 00 XA ZARFIMIYESE i 2 15 N BARYESL .
() I AIEFEES 2 s = LI gy Y 1 ROR 3% DOR it
5 M5 =0t z RN DBRA iz, wk#
o B Y AAE FEEEAT P AL, A E R T55 ik
AR AR ) 1 SR 0. AR XA A
A SRR | e ARG S . A _EER B

AA1: D2RA WP 35 R IZAEAH X DBRA 75 238 N
—MNKREIT CRAZZ AN ST 4K
WEES, ETEE I — AR R T e ik
DBRA Jif#i5 /& DOR iz, B 7 #2821k
&b, D2RA Hi%A DBRA 9% A 1E S E AR AR ] o
(A, D2RA SR S 3 H 2L7E DBRA Sy
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ey fvASE)
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Kl 4 D2RA 5 DBRA f#ki=Ri&# %] th ((a)DBRA Hi A\ Uiy
FIAE RS @ 4Efh i RN EE;  (b)Fl(c)s2 D2RA Hi A\ ui
AR RO SR D

DBRA % H A1 DOR % HH 50 43 7] A BLAE WY 4%
t, BREHASECE AR, AR A REHENT H DBRA
% tHAT DOR [ H [ A7 B AR — B M A2 H 3
TR . BIUNAE R — B P4 E — A A E 1
T, [FIIRA DOR F i HH A 5 7 % F ok 3
Bl 5 B Ergsfyg, FAEsueim 4.

[, FRATTXS Lk D2RA F1 DBRA Bk, &
KA DBRA BIE 1) BT A 26320 57745 s 25 N
Woezsa], i D2RA VR B X AMRHIE .

K 6(a)F, MZKH DBRA $i%, £ X'
I TN R g B A NG X AORIE R ) X7 10
B R SGR S B 6(b)r, MZKH] D2RA 5
%, AE XTI G R ug IR S O (B AT A
P DOR SRES IR MR SC 5 o SERBRIE B 3%
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6 DBRA HiEMI D2RA EILEBFATIFHIX A ((a)
Jy DBRA 5%, (b)Ay D2RA 55D

5 D2RA Ft it s Ll

X —F5 0 H Ap A2 E B D2RA % B BELEAT AT
k-ary n-mesh %% ERRERE G BB X AL IRRAE
EIR 1A IR, Fd it BN SRR T SRR
5.1 #tEXFE

R 2R IR D2RA LB e L], 76
IR B AR TE AT R, MHRRABWT.

Tk 1. W% G= (V,E) N k-ary n-mesh ¥
o, AT s vV ARER ML T B BT AR N,
8L E NS B A A ALY SR R B TE S

%J‘?E 2. /?\;ﬁ r"j—J lg] g - (VCDG,ECDG) 7"7@@1&
#i& (Channel Dependency Graph, CDG), T
BEVere=E, j‘ﬂ;%(ei,@j) € Ecpe 2 HA 24l e ]
Re Ml IE e, HIZENIEIE e, o

FTIR 3. B A u AELEE DT ) d 4 S
e PERERT R — A A S g
5.2 XS

SIFB1. 25— A D2RA % H H VLA k-ary
n-mesh MZE (N, Q) , ST FATLRIL AT S u, Hil 5t
J7 18] 4 B TE e, 7E CDG H 2 -

Ze,EVeps sit. (es,en) € Ecpe (15)
SR 1. MR A K D2RA B H 5L
mesh P25 H, BT A u & d 7 R RIS A
R p FETT R w IETT IR d A, A7 1R d
TEARIRI p FIRTTIA. BIAE 1, 158 B 2
YT IR R B B YT T IR g2 A S AR
MASHA y IR H A, BB #E y T 7
Ry TE TG 32 .

iEA.
W ou= {uj, sy ...ty ...;ut,y > v=dest(p)
= Vi,V ooy Viy sV s P€[1,2,..,0n] o THHd=

G, +1) B u & d 7 B s, B4
u,=k . #d € RDD (u,v), 4v, >u, , Htv, >k
WRd = <G, -1 B piuse d 77 ) sy
B, Bau=1. #HdecRDD(u,v), Mirv,<u,
Bty <1o XPAIGOLT v, BHEH S EX 2.7 )5
Kt d & RDD (u,dest(p)),» BN p 3&A d TR
.
HEEe.

5138 2. 4 i D2RA B HIHIEN

k-ary n-mesh %5 <(N,0) , FFER L pe P, AL T
& u, RDD(u,dest(p)) ={d}y, X TVj=i,
Vg€ R”* (u,dest(p))H FP?**°(c;,p,q) = False ,
WBAF g’ = neighbor (u,d), W credit(c;,q") =0

B, XFSIER 2., WR— MRS R AEYE

FET7R d FICAEEEHAE, I BAE S HT S B S BT
Wi, AN —Bkig AR BA B g’ Bi1Z% T -

E .

A8 RDD (u,dest (p)) = {d}, AL p
4% DBRA # 111 /2 4% DOR % Hi, BA%1] ¢’ 41
e B, Hitq € RP* (u,dest(p)); H
TXVqe R (u,dest(p)) H: FP*(c;,p,q) =
False , FTCAFP?"C(c;,p,q") = False , TEWRE XS
TVYj=i, credit(c;,q) < DBFC(c,;,p) =1 (A
N RDD (u,dest(p)) = {d} BWERE g H—N
NS A, {EBCA HOL @RI, 3 p
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iEEE.
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7H, RO p RAE X R BRI A,
AR p GRAABEES T 2w, A BN g1 L% A
S R R, AV i a3 NBAF g1 B4R
3 p1 HIRFE

5133, %€ — A A D2RA H HHHVE M k-ary
n-mesh MZ5 (N, Q) , TE7T 15 u (%1 H B IE e, 47 TERA
5l g = <udy + d= gy + g€ [1,2,...1]

(gmn TR EB/DNEFEED, ac{-1,+1}. T
Vj=i, credit(c;,q) =0, p=last(q), RlifiiEe,
FRerafn (A ¢ —EWIRED, 3 p NEfait
INCOE 'S

1) W p W95 DBRA BN ¢, N

RDD (u,dest(p)) = {d};
2) WRu, BRI H W d WL FA A, N
min (RDS (uy,dest(p))) = guin+ 1
3) WHR u ARWTTIN d BT S, W
min (RDS (u,dest(p))) = Guin s
4) FEBIEF Ve, — e, — -+ — e, L
a) HIHIERFSEMIAN (BAFIAL TR E);
b) T Rl IR TT IR d BRI SRT R
o A qu=usdy 17
credit(c;,qa) =0 H
min (RDS (u,,dest(q,))) = gun +1+
5138 3. A WA u 7E d J7 R ERIBAT ¢
—HATHRE, #/3C p REEHENBNT ¢ KR,
il
1) iR p ZENE DBRA B NIRAS g,
LR p RFT d J7 10 b By 2D

2) WERAY Mug 2 d T7 1) ERIA R R A
I p H/NIFIRYEFE R T 5T Gouin + 1

3) MR u A d J7 R BRI AL I
LR p B/ NMAFIRYEFER T 5T gmins

4) LA R u N AW d 7 EAE R, A
PAF — B4 TR A5 3 HLBA A 1) 5 J5 4 S
(i T AR YL E R T 25T Gonin + 10 TER
TR u At d 77 ERIBA g R H P —.

LB,

1) BEAXNTYj=i, credit(c;,{u,dy) =0,
FrUL p ARTREC A TER T, [N, p —Eah
WIZEIR I (FRAAAELE HOL 8D, M= =1,
1% credit (c;,<u,dy) >0 . WAL p #1F DBRA
HHFENNTg = <u,dy, W p RAETE d 7] L5
REE L, BUEHN ¢ ZHHRC p ZALERATT
M RS AP, %16 DBRA s, B2/0F 2 42

AR A, RO REEN ¢, IXBGBHIE p R g
RIS S = e S G 14 Ko,
RDD (u,dest(p)) =4d}, HANd = {gmn-ay,» Bk
% RDS (u,dest (p)) = { uin) -

2) R p W45 DOR 2% HiHENBAS g, £
T DOR {EHFHFERH, BIULAERSE p HEABF g
ZHT, WS p BRI FIRYEFEN g » R p HEN
q ZJ5, W p B HETE AL @i LIRS FHAD (H1R
Mp HEN q AT FEUERE g EEITIRER PN D),
LG po B B/ F6 A 4E B2 R % K T 55 T g BP
min (RDS (u,dest(p))) = g - WAL, HRAESHE 1.,
W w72 d 771 BRI S, B A RS g )k
XAE d JT M EAFEARE, Fp FE N R YR
KT EEET Guin + 15 WHR u AR d 777 ERA AT
s M p BN AR AEFE R T BEE T @i

3) T credit(c;,{u,dy) =0 H
min (RDS (u,dest(p))) = gmin > o R
min (RDS (u,dest(p))) = gmn+1 » W BA %1
qg= {u,dyW TR, HiLgsit 4 2EHW, HN
min (RDS (u,dest(p))) = gmn - W P 7l
q = neighbor(u,d) , 4 q = R"®(u,dest(p))
I p %M DOR B H#EANBAF g, HTX T
Vj=i, credit(c;,<u,dy) =0 EWKE p KL AL
B BAINCu,dy , FTLAFP?7C(c;,p,q') = False ,
XERE L p KA G NB\F g, 5 —T51H,
HT RES ¢ H— TR R, O p %8
DOR 7] LAk NBAFllg" , Rt credit (c;,q") =0 .
LS p'=last(q"), WH 2) MR PAHEE
min (RDS (u',dest(p")) = guin o FHATHT LA v AN
A d 71 BT S SRR, iR ]
BAFIER 215 o 0 BPRAS Cis Ho /N R4EE
Guin LI R R 4, Bl 8 #iid TIXAN 5. A
P& d T EIAFRT R A, , HTRT—RE
—HN 0, BHcredit(c;,<us,dy) =0; HRL
pa=last({ug,dy), RIS 1., WXL p, AHAEd

Bomo ok m o B o, JIia
min (RDS (u,,dest(py))) = Gumin + 15
IEEE.
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QOO | | )OO | seiirr
( p
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YL gin + 2 BRI UEE n, TERA BRI
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SIFE4.  4hE — A H D2RA 6 HH HVA T k-ary
n-mesh MZ{(N, 0>, Vpe PALTH A u L, g
RDS(u,dest(p)) =4ny (n NE=4EE), T4
3j=i M qeR”*(u,dest(p)) , 1 745
FP*C(c;,p,q) =True -

5138 4.8, WER—MROUIELEE n HFIR
M Hon R4, MR R A RIAHH
FAY S R PO 25 M LA

D2RA Bt 55 B R e H RS, %01 D2RA
SRR RS B Re R B, IR ARSI A N RE
H A5 R

R, A 4ERE n (22 P A B3R ST AT DL
81, 4513 4807

FRATCLE 1 A — 4 mesh Afl, AT
#E e 4 mesh M5 = 4ER
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g4 & B T REAE YT M BRI, WO p 5T
Tq:;E'JBﬁ): AN E] . G0 SRR p FEREABAS
qa B x J71a) BRI, B4 DOR B&H1,
W p WA TERL x 77 ) L RIS A BEREA A qas
[E)FF BT p 75 x5 y 77 M FR IS B B, 4% 8 DBRA
P, BAF ga A 2 AN CLER A IR SCAEE], ik
X p ABEHENINF gao KK, $IC p FEBENIAF g4
HIASH x M LR H. H—77m, R p A
A g4 f5, A=Ay 7 EREE (513 10,
Rl SE p F2 BT BRI A S g4 S 25 I 25 TR
o], IXFEEBA HOL ji4 ~, Al y™ J7
R E& AP RO 2B

NHIRATRH R, BBk A RER 3],
RFEHEH T G (2518

E .

BAVAMCRATAE R FILESE n 3% oD IR SCK
A HT T AL, AR, S8 S IR X PR
H5OAMGIHT)E .

Rk apeP, fH18 RDS(u,dest(p)) = {n},
T V=i Vqe RP* (u,dest(p))

FP?"(c;,p,q) = False IR 3L p 7KEAGEFE S . H
T RDS (u,dest(p)) = {n) BRI p RIELEE n I

A S, XWRERRSC p RAE—ANERETT A -
® A oh B, Btk AT TR iR

RDD (u,dest(p)) = {d}, F\%q = neighbor(u,d)
HE\F g = u',dy, 55 FE 45 5 u PIAEAR T R
MRHE S 2.77 LL1S 3 credit(c;,q") =0 o 2
p'=last(q"), WHE p' 4% DBRA it Ng , W
RDD (u',dest(p")) ={d}y (5|3 3.).

RN p' 4% 18 DOR S HIEN ¢, T 4EE n
se 4L H DOR {3 F A7 28 tH AL RS p!
MERHRE—NAH. mMH, HTVj=i,
credit(c;,q") =0, FTULp AATRETERGESH . Rk,
PFAVESL RDD (u',dest (p')) = {d} . FLE, T
Vj=i, credit(c;,q") =0 BWEWR L p BHEIS
BHBAF G - % q" = neighbor(u',d), "\F|q" /&
X p N BRI NTIBAS, DR FRAT T AT AT H A
WFP*%c;,p',q") = False -

IR FRATINT DAY f o RS s d 7 1) b5 p
Az, ATV B d T7 171 1 515 R ua FBAS
ga= Sua,dy , H credit(c;,qs) =0 , W & X
pa=last(qs), BT pa FKITEAGEE TS qa »
ALK S po ICAFAE RS B8 ARIE AT T R 7347 o T71m)
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deRDD(ud,dest(pd)) X517 E. Hit,
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YefE 7 ) BRI D, AR L)L
o B 47 P 2 RIS
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FERGEE A, BAE RefRy TR ED. H
Ty Tl Y mesh B dERE, MAE513 4, ©n]
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IEEA.
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NYEE E AR R ED . RHEGEIER, %
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o, B3 =i flqge RP*R4 (u,dest(p)), 15
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T g = Goin IO, FATIE SO RAER
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FP?*%(c;,p,q) = False »

1T g = gmin» BRI p ME—RIRUERETT 17
d={gmn,ay » ac{-1,+1 , H I 7|
q' = neighbor(u,d) -

T credit(c;,q") =053 2.), 3¢ = <uy,d)
1 5 credit(c;,q,) =0 ) H
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a=sign(v—uw)y , a'€{-1,+1)y, 4=
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W1 T credit(c;,q) =0, XEWHE pi KIEARE
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min (RDS (uy,dest (last(q4)))) = Guin+ 2

ML T e AR AT B AN ) 4 S R
1, WREHESZE R — gw— 2K, WU
3qe= {ug,dsy f  credit(c;,q.) =0 , H
min (RDS (u,dest (last(q.)))) =n o

E R S i N oS I

RDS (u,,dest (last (q.))) = {n} BN B\ 51| q. B SC
last(g,) A F 4 n LRI B, BT
credit(c;,qu.) =0 BRI\ g I last (q.) 7K iz
AeEHge, X553 4.7
XEIRE S 5. HIFRIRTE g = uin I AL
iEEE.
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