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ABSTRACT

The increased deployment of Systiem-on-Chip designs has drawn
allention o Lthe hmatabions of on-chip intecrconnects. As a polenbal
solution Lo these limitations, Networks-on -Chap (NoC) have been
proposcd. The NoC routing algonthm sigmbicantly inflluences the
performance and encrey consumplion of the chop. We propose a
router architecture which utilires adaptive routing while mamLun-
ing bow lalency. The two-stage mpehned archilecture uses look
ahead routng, speculative allocation, and optimal outpul path se-

lection concurrently. The routing algonithm benelits from congestion-

aware [low control, making betier routing decisions. We simulale
and evaluate the proposed architecture i lerms of network lalency
and energy consumption. Our resulis indicate that the archilecture
15 cllective in balancing the performance and enerey of NoC de-
S1LTES.

Categories and Subject Descriptors:

[B_4 1A and Data Commumcations|: Interconnections(Subsysiems),
[B_8:Performance and Rehability|-Performance Analy=iz and DDe-
sign Adds.

General Terms:

IDesign, Perlormance.
Keywords:
Adaptive Rouling, Networks-On-Chip, Inlerconnection Nebworks.

1. INTRODUCTION

With the srowing complexity of System-on-Chap (So() archi-
lectures, the on-chip inlerconnects are becoming a cnecal bottle-
neck o meching performance and power consumption budgels of
the chip design. The ICCAD 2004 Kcynole Speaker | 17] empha-
stzed the necd lor an interconnect centne design by illustrating that
in & 65nm chip design, up o 77% of the delay 15 due 1o Inercon-
necls.  Packel-based on chip commumcabion networks [ 10, 5, 4)
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{a.k.a network-on-chip (No) designs) have been proposed 1o ad-
dress the challenges uflmn:a.ung_ inlerconnect complexily.

The design of NoC imposes scveral inleresting challenges as
compared o tradibonal ofl-chip networks. The resource hmla-
lons - arca and power limitabions - arc mapor constraimts influene-
mg No( designs. Early NoC designs wsed dimension order rout-
mg, due o 1= sampheity and deadlock avoidance. However, tra-
ditonal nelworks emoy comphcated routing algonthms and pro-
tocols, whnch provide adaptivity i vanouws trallic iopologies, han-
dhing congestion as it evolves in the network. The challenge 1n
using adaptive routing in NoC designs, 15 1o lmat the overhead 1n
implementing such a design,

In this work, we presenl a low-lalency Iwo-stage rouler archi-
leclure suilable for NoC designs. The rouler archileclure uses a
speculative siralesy based on lookahead information oblaned [rom
neighbonng routers, in providing routing adaplabon. A key aspecl
of the proposed design 15 11s low lalency [cature thal makes the
lookahead informanon more representative than possible 1n many
exising router archilectures with hgher lalencies.  Further, the
router employs a pre-sclection mechamsm [or the output channcls
Lthat helps 1o reduce the complexity of the crosshar switch design.

We evaluated the proposed router architeclure by using 1t 1n 210
mesh and orus NoC opologies, and performing  cycle-accurale
simulaton of the entire NoC design using vanous workloads. The
expenimental resulls reveal that the proposed archilecture resulls 1o
lower latency than when using a deeper pipeline router. Ths resulls
[rom the more up o date congestion informatnon used by the pro-
posed low-lalency router, ‘l.'-’c also demonstrate that the adaptuvity
]'.Imwdr:ﬁ better perfflormance i companson o delermimsbe roul-
mg lor vanouws workloads. We also evaluale our design [rom an
encrey standpoinl, as we designed and lad owl the router compo-
nenls, and oblaimed both dynamic and leakage cnerey consumpion
ol the router. Our resulis indicate thal lor non-umlorm trallic, our
adaptive routing alsonthm consumes less encrey than dimension
order routing, due 1o the decrease i the overall network lalency.

This paper 15 orpamzed as [ollows. First, we give a short back-
ground of existing work 1 Scction 2. We present the proposed
router architecture and the algonthm in Section 3, and we evalu-
ale our archilecture in Section 4. Finally we conclude our paper in
Sechion 5.

2. RELATED WORK

The quest [or high performance and encrey cllhicienl NoC ar-
chiteclures has been the focus of many rescarchers.  Fine-luning
a syslem mio maximizing syslem performance and mimmazng cn-
ergy consumplbon mcledes muluple trade-olls that have o be ex-
plored. As with all digntal systems, energy consumption and system



performance lend 1o be contrachctory [orces 1n the design space
ol on-chip networks. Rouler architectures have domanated cary
MoC rescarch, and the [imst NoC designs |5, 9] proposed the use
ol simphsuc routers, with deterministic routing algonithms. Grad-
wally rescarchers have explored muluple router implementations,
and ongmng rescarch such as | 12, 2, 7, 3] explores implementations
where pipehned router architectures ulilize virtual channels and ar-
bitration schemes W achieve Quahity of Service (QoS) and high-
bandwadth on-chip commumcation. Mullins, el al. | 14] propose a
single stage router with a doubly speculative papeline 1o momimze
determimstic routing latency. Among the disadvantages however of
such approach, 15 an increased conlenbion probabihity for the cross-
bar swikch, given the single-stage swatching. The results given in
[14] do nol scem o lake conlenion inke consideraton.  Addibion-
ally, cmphasis on the intra-router delay does nol imply adaptivity
o the network congestion. As such, a beller approach should com-
binc both low intra-routing latency, and adaptivity o the network
trallic.

Under non-umilorm trallic, or apphcaton-specilic (1.e. rcal ume
mulumedia) trallic, determimistic routing maght not be able 1o re-
acl o congestion duc 1o network bursts, and conseguently resulis
in an increase m nelwork delay. Adaptive routing algonithms em-
ployed in radinonal networks as a solubion W congestion avindance
are more suilable for NoC implementaions. As a resull, adaplive
routing algonthms have recently surfaced for NoC platforms. Such
examples incluede thermal aware routing | 18], where holspols are
avolded by using a mimmal-path adaptive routing [unction, and a
maxed-mode router archilecture | 11] which combines both adap-
uve and deterrmmmistic modules, and employs a congestion controd
mechamism.  Both these adaplive schemes do nol use up-to-dale
congestion informabion W make the routing deasion. A prelerred
method 15 1o use real bme congestion iInformabion about the des-
unatson nokde, and concurrently wilize adaptive routing o handle
Nuctwaon. A disadvantage, however, that adaplive routing alpo-
rnthms might sullier 15 the increased hardware complexity, and pos-
sibly higher power consumpton. Encrey consumplion 15 & primary
desiegn constramnt, and power drven router design and power mosd-
els [or Mo~ platforms, have been investigated i |19, 8], Encrey
consumplion depends on the number ol hops a packet travels prior
o reaching 1ls destination, We believe that by reducing the overall
nelwork latency and increasing the throughput, the minor cnerey
penally paid when migrating [rom delermimstc W adaptive routing
15 nullilicd by the perlormance of adaptive routing 1n non-umiorm
raflic. The motvaton for our work, therelore, ocuses on sup-
porung adapiivity, while maintaiming low lalency and low cnerey
CONSUMPLIL

3. PROPOSED ROUTER MODEL

The Mo( lalency impacts the performance of many on-chap ap-
phications. Mimmizabon of messape lalency by opimiang the
inira-nodde delay and uiiheang orpamzed winng layoul with regalar
wpolopics has been tarpeled in NoC designs. The proposed router,
designed with this objeclive, consists of a lwo-stage pipelined model
with look ahcad routing and speculabive path sclection |6, 16). In
this section, we present a customized router archilecture that can
support determamistc, and adaptive routing 1 2-1) mesh and 1orus
on-chip nelworks,

3.1 Proposed Router Architecture
A Lypcal stale-ol-the-arl, wormhole-swilched, virual channed

(V) Now control rouler consists of (our mapor modules:  roul-
ing control (RC), VO allocation (VA), swiich allocaton (SA), and
swilch transfer (ST). In addibon, 1Ll may have an extra slage al

cach impul port [or bulfenng and synchromzation of amving Mis.
Pipchned rowter architcclures typically arrange cach module as a
pipchne stage. 1L s possible o reduce the cnucal path lalency by
reducing the pipelined stages through look-ahead routing | 14]. Fig-
wre 1{a) illustrates the logical modules of our two-stage pipelined
rouler incorporating look ahead routing and speculatve allocation.
The hirst stage of the router performs look ahead routing decision
[or the next hop, pre-selectson of an opumal channel [or the in-
coming packel (header), VA and SA in parallel. The actual M
transfer 15 essenbally spht in two "slages™, the prehminary scmi-
swilch traversal through the YO sclechon (ST1) and the decom-
posed crosshar traversal (ST2). In contrast 1o the pnor rouler ar-
chiteclures, the proposed model incorporates a pre-selection (PS)
unil a5 shown in Figure 1. The PS uml uses the current swilch
slate and nelwork stalus informabion o deoide a physical channel
{PC) [rom among Lthe possible paths, compuled dunng the previ-
ous slage look-ahead decision. Thus, when a header it amves al a
rowler (stage i), the RC umt decides a possible sel of outpul PCs [or
the next hop {i+1). The possible paths depend on the destination
Lag and the routing algonthm emploved. Instead of using a routing
table for path selecton, we use a hardware control that compules a
3-hil direction vector, called Virtual Channel 10 (VCID), (based on
Lthe [owr destimabion quadrants (NE, NW, SE, and SW) and [our di-
rechons (N, E, § and W)), which can be sent along wiath the header,
[or deciding an optimal path using the PS uml in the next hop. The
VA and SA arc then performed concurmently Tor the selected outpul,
belore the the transfer of flits across the crossbar.

The detmled design of the router 15 shown n Figure 2. We de-
scribe 115 funcuonahty wath respect o a 2-10 mesh or wrus. The
router has five inpuls, marked [or convemence inpuls from the [our
dhrechions and one from the local PE. I has [our sels of VCs, called
path seis; one sel for possible traversal 1n cach of the [owr quad-
rants; NE, SE, NW, SW. Each path scl has three groups of VCs 1o
hold (his from possible dircctions [rom the previoas rouler.
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Figure 1: The Two-Stape Pipehned Router

This grouping 15 customuaed lor a 2-1D inlereonnecl.  For exam-
ple, a Mt wall traverse in the NE quadrant only 1if 1= coming [rom
Lthe west, south or the PE uscll. Similardy, it will traverse the NW
guadrant il the entry pont 15 from south, cast or the local PE. Thus,
bascd on this grouping, we have 3VCs per PC. Nole thal 1t 1s pos-
sible o provide more VCs per group i there 15 adeguate on-chip
bullering capacity, and the VA selects one of the VCs 1n a group.

The MUX in cach path sct sclects one of the Vs [or crosshar
arbitration. In the mean ome, the PS gencrales Lthe pre-sclection
cnable signals 1o the arbiter based on the credil updale, and con-
peshon stalus infommation of the neaghbonng roulers. The arbaler,
in lurn, handles the crossbar allocation.

Another novelty ol this rouler s thal since we are using lopology
Latlored routing, we use a 4 * 4 decomposed crosshar with halll the
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Fipure 2: Proposed Router Architecture

connections of a [ull crossbar as shown in Figure 2. Usoally a 5= 5
crosshar 15 used lor 2-1 networks with one of the ports assigned
o the local PE. In our archilecture, a (hit destned [or the local PE,
does nol traverse the crossbar. Utilzang the look-ahead routing in-
formation, 1L 1s cpected alter the DEMUX. Thus, the [his save two
cycles al the desunabon node by avowding the switch allocation and
swilch (raversal. This provides a sigmibicant advantage (or nearest-
neighbor trallic, and can take advantage of NoC mapping which
places [requently commumcating PEs close o cach other [13).

The decomposed crosshar offers two advantages [or on-chip de-
sign.  Firsk, il needs less siheon and sccond, 1t should consume
less enerey compared © a (ull crosshar.  In addion, because of
less number of connections, the oulpul contention probability 15 re-
duced. Ths, in turn, should help in reducing the mis-speculanon of
the VA and SA slages.

3.2 Pre-selection Function

The pre-selection luncion, as outhned carhier, 15 responsable lor
sclecting the channel for a packel. It mamnlans a direction vector
table [or the path sclection and works one cycle ahead of the Mt
amval. The direction vector table, as shown in Fasure 1 {b), se-
lects the optimal path [or cach of the [our guadrant path scis. As an
cxample, il a (ht 15 m the W_NE VC, the PS decdes whether 10 wall
use the N or E dircction and inputs this enable signal 1o the arbiler.
The PS5 logic uses the congestion look-ahead information and cross-
bar stalus o determmine the best path, and also immediately updates
the credil pnontes inlo the arbatration. The congestion look-ahcead
scheme provides adaptive rouling decisions with the best VO {or
scl of VUs) and path sclection [rom the commesponding candhdates
based on the congestion information of neighborng nodes.

3.3 Adaptive Routing Algorithm

An adaptive routing algonthm cither needs & routing Lable or
hardware lopic 1o provide alternate paths. Our proposed rouler can
support deadbock-Iree fully adaptive routng [or 2-12 mesh and worus
nelworks using hardware logic. Nole that a it can use any manimial
path 1 one of the four guadrants, as discussed mn the router model
in Section 3.1. The nal selection of an opimal channel 15 done
by the PS module. It can be casily proved that the adaptive rouling
15 deadlock free for a 2-13 mesh because the four path scis, shown

in Figure 2 are nol involved in cychic dependency. Whenever two

his [rom two quadrants are sclecked o traverse in the same direc-
ton (for cxample a Mt [rom NE and a (it [rom SE contend lor an
casl channel), they use separate VO n the NE and SE path scis,
Lthereby avouding channel dependency.

For a 2-1D lores network, we use an addinonal ¥VOC 1o support
determimstic and [ully adaptive routing sarmlarly w other adapuve
routing algonthms in wms. One of the Vs 1o cach subsed 15 used
[or crossing dimensions in ascemding order, and the other VO 1
wsed [or descending order, which 1s possible [or wrap-around links
n & lorus. Node thal pnor adaptive routing schemes need at least 3
Vs per PC o support adaplivily.

Although an adaptive routing algonthm helps 1n achieving bet-
ler performance speailically under non-umflorm traflic patiems, the
underlying path sclection [unction has a dirccl 1mpact on perfor-
mance. Maosl adapbve routing alsonthms lake hitle account of lem-
poral trallic vanaton and other possible trallic interferences.

The proposed adaplive routing alsonthm, utthzes look-ahead con-
pgestion detection [or the next router’s outpul hnks using credt-
bascd system. The PS module keeps track of credits [or cach nagh-
bonng router on the candidale paths. Meighbonng routers send
credils indicating congestion (VO stale), with the amount of [ree
buller space available [or cach VC. In addition, tme between suc-
cossive ransmssions o neighbonng roulers 15 kepl mimmal due
o the low latency of our architecture, and consequently our pro-
posed architeclure caplures congestion trallic m short spurts and
reacts accordingly. This helps in caplunng congeston Nuectuation
and picking the nght channel [rom amongst the availlable candsdale
channels.

3.4 Contention Probabilities

To 1llustrate the benelits of our decomposed crossbar archilec-
lure, we compare the conlention probabihiies of a [oll crosshar

versus our decomposed crossbar design. We denve the contention
prohabihity as a functon of the olfercd load A, where A 15 the prob-
ability that a Mt amves al an artrary ume slot [or cach inpul port
[15]. for a genenc (MxMN) (ull crosshar and an (N-1xN-1) decom-
poscd crosshar, assuming umiform distnbution. Let Ay, Ape denole
load direcled 1o an oulpul port and ejection channel respectively.
el P, be the probabalily thal a port 15 busy serving a reguesl. Lel
Jn be the probabihty that an inpul porl has n (his for a spealic
outpul port al the bme of requesl. () can be solved by discrele



