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Abstract—In this paper we present a technique to design degree of adaptiveness of the routing function and guagante
topology-agnostic highly adaptive bandwidth-aware appkation deadlock freedom.
specific deadlock-free routing algorithms for networks-onchip Unfortunately, APSRA does not take into account the

(NoC). The basic idea relies on the exploitation of the desigr . . . L. .
knowledge of communication traffic characteristics (like ommu- communication attributes like the communication bandwidt

nication topology and communication bandwidth), to custonize requirements of the different task_ pairs mapped_on differen
the routing algorithm. The routing algorithms designed usihg our network nodes. Thus, the selection of the routing paths to

approach ensure that limits on link bandwidt_h are not violated. pe removed to restrict the routing function and guarantee
Through experiments we show that the routing algorithms al®  geadiock freedom, is carried out in a blind fashion. That is,
distribute traffic more uniformly on links. oo - L
it is implicitly assumed that all the communications have th
same bandwidth requirements. Such unawareness may lead to
I. INTRODUCTION a bad distribution of the traffic load over the network. TlEs i

One of the main factors which affects the overall perfoRarticularly true when the range of the bandwidth requinetsie
mance of a Network-on-Chip (NoC) is represented by tpd different communications is large. Unfortunately, tigsa
routing algorithm [1]. Routing algorithm determines thelpa Very frequent case in real applications. In [3], for examiie
selected by a packet to reach its destination. range of communication bandwidth requirements for a Video

Traditionally, routing algorithms have been designed witfobject Plane decoder in a MPEG-4 decoder system spans from
out any reference to the characteristics of the traffic whicd MB/s to 500 MB/s.
would stimulate the network. The main reason was that, in alhe above considerations motivated this work. As the traffic
general purpose domain, the communication traffic cannot §aracteristics of a routing path are generally differentrf
accurately characterized, thus the routing algorithm balset those of another routing path, they should be treated differ
designed to work properly for any traffic. As a consequenc%r,‘UY- For this reason, we believe that emphasizing theable
the design of the routing algorithm is generally carried o@Mmmunication bandwidth requirements during the design of
in a very conservative way, assuming that all the netwofR€ routing algorithm adds a new degree of freedom in system
node pairs need to communicate. However, in the applicatiBgrformance optimization.
specific domain, which characterizes the area of embedded
systems, an accurate characterization of the communicatio
traffic is often possible. The embedded system designer ha$imply stated, for a given application and a given network
an in depth knowledge of the application (or the set dppology, the goal is to generate a routing algorithm which
applications) which will be mapped on the system. Thi§ strongly adaptive and spreads the traffic over the network
knowledge opens some new directions in system optimizatithsuch a way that the communication traffic of any link will
like, for instance, the customization of the routing alguri ot exceed its capacity (maximum sustainable bandwidth). T
for a given application. formulate the problem more formally, we define the following

Based on this, in [2] we presented APSRA, a methodolod§ms.
to design application specific routing algorithms for NoC The Communication graphCG = G(T,C), is a directed
systems. Starting from the knowledge of the communicati@aph, whereT is the set of tasks an€ is the set of
topology (i.e., which are the network nodes that commugicagommunications. For each communicatiar) = (t,tj) € C,

and which do not), the goal of APSRA is to maximize théask ti € T denotes source task, and tagke T denotes
destination task. For a communicatienc C, the function

This work was supported by the European Commission in théegbof B(C) returns the bandwidth requirement, that is the minimum
the HIPEAC network of excellence (project 004408 and 21J068der the bandwidth th hould b I d by th Ki d
Interconnects research cluster on High Performance brieection Networks andwidth that shou e allocated by the network in order to

for Embedded Applications. meet the performance constraints for communication
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Path 1 network’s channels and edges represents direct deperdenci

EZEE § between these channels. There is a direct dependency lmetwee
path 4 | (N () ) ! two channeld; andl; if I can be used immediately aftgr
a i 75 MB/s 50 MB/s 25 MB/s . .

i by messages destined to some nodeN. For instance, for
o5 MBJs 25 MBJs 25 MBI the 2x 2 mesh-bas_ed .network shovyn in Figure 2_(a), Igt us
suppose thaxky routing is used. In this case there is a direct

25 MB/s 50 MB/s >\ 75MBJs dependency from channéj; to channells 3, as xy allows

N N that for communication from noda, to nodeng, channel 3

can be used immediately after chanitgl. On the contrary,
Fig. 1. Effective bandwidth for a communication from noaeto nodeng  there is not a direct dependency from, for examiig, to
at 100 MB/s assuming a fully adaptive minimal routing. l10 asxy prohibits that messages are routed algrajrection

before they are routed alongdirection. Figure 2(b) shows

) ) the CDG. In [5] Duato proved that if th€DG is acyclic then
The Topology graph TG = G(N,L), is a directed graph R is deadlock free.

which models the network topologM is the set of network’s In [2] we introduced the concept adpplication specific

nodes, and. is the set of network’s channel_s. Chanhgl=" 1annel dependency gragASCDQ. The ASCDGis a sub-

(ni,nj) connects node; € N to noden; € N. Given a channel 55 of theCDG obtained by exploiting communication

I € L, the functionCap(l) returns its capacity. information. Let us consider again Figure 2(a). If we are
The Mapping functionM : T — N, maps tasks to NeWork 556 that task mapped on nodgwill never communicate

nodes (e.g., iM(t) = n; then taskii is mapped on node; i task mapped on nodas, there will not be messages

of the network). _ _ _ _ sing the pathg 1 — |1 3, thus there is no application specific
As we are dealing with adaptive routing, the required banghannel deper{dency fromy1 to l13. Figure 2(c) shows

Widt.h fo; communlilcatior;c s ﬁp"t over mu]tiplg pa::hs thhat thel’(the ASCDGbuilt considering that task mapped og never
routing function allows for that communication. For the sak., . - \nicate with task mapped og and task mapped om,
of example, consider Figure 1 which shows & 2 mesh-

based K | L h .___never communicate with task mapped @n As the number
af,e networ _topo o%y. det_gsh sﬂpfggeh;;t corr:mlanlca'u lnapplication specific channel dependencies is less than or
¢ = (ts1g) requires a bandwidth o sec (load) an qual to the number of channel dependencies, the number of

that the routing function allows all the minimal paths fronl:ycles (if any) theASCDGwill be less than that in th€DG.
nodens = Mts) to nodeng =M(ty) (four paths in total). The "\ 0"\ sCp contains cycles, in [2] we proposed an
load is distributed over the paths as shown in Figure 1 whi(l;]h '

reports, for each network channel, teective bandwidtifor euristic to break all the cycles in such a way that the

. .. loss in adaptivity is minimized. In the next subsections, we
effective loafl (EB) and the total number of paths contamm%resent a new technique to break cycles in ASCDGwhich

that channel. Formally, the effective bandwidth of a chénn . . L . .
| €L due to a communicatione C can be computed as: IS bandwidth-aware. That is, communications bandwidth in-
P " formation is used to select the application specific channel

EB(c,) = B(c) IPT(c,D)] dependency to be removed with the aim to uniformly distebut
’ |2 (c)| the traffic over the network. More precisely, the basic idea

where #(c) denotes the set of minimal paths admitted by th& to allocat_e more routing pgths (e, give more adagbvﬂ
routing function for communicatiow, and PT(c,1) = {P & to communications characterized by higher communication
2(c):1 € P} is the pass through linkset, that is the set of bandwidth. In adqun, we propose a recovery procedure tha
paths ofc which contain the link. Finally, we indicate with '€@llocates communication paths in such a way that commu-

AB(1) the aggregate bandwidtiof | which is computed as: nication load do not exceed network’s channels capacity.

AB(l) = ZCEB(C,I).
ce A. Breaking Cycles of the ASCDG
Using these definitions, the bandwidth-aware routing algo- ) ) _ o -
rithm problem can be formulated as follows. Given a com- A cycle in theASCDGis a succession of application specific

function M, find a routing functiorR which is deadlock-free Pair (Ii,1j) with Ii,1; € L. Here the problem is the selection
such that: of the best dependency to be removed to break the dycle
vl e L= AB(l) < Cap(l), (1) Remove a dependency means to remove all the paths which

_ o determine that dependency. As soon as a path is removed,
that is, the communication load of any chanrelmust not the fraction of bandwidth it transports must be redistiiout

exceed its capacit¢ap(l). between the remaining paths. The idea we propose in this
paper is based on removing the dependeheyich minimizes
[1l. BANDWIDTH AWARE ROUTING ALGORITHM the overhead of bandwidth that should be allocated to the

Given a routing functionR for a network topology remaining paths that do not determine the dependency
TG(N,L), itis possible to build thehannel dependency graph Formally, let us indicate witlPT?(c,d) the pass through
(CDQ) [4]. TheCDG is a directed graph whose nodes are thdependencget, that is the set of paths ofwhich determine
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Fig. 2. A 2x 2 mesh based network topology (a). The channel dependeraph db) for thexy routing function and the application specific channel
dependency graph (c) if nodg never communicates with nodg and noden, never communicates with nodg.
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Br eakCycl es (ASCDG application specific CDG, any communication whose all routing paths determine such

1
2 C: set of communications, channel dependency (line 8). Thus, the channel dependency,
3 il 2 set of adT_smde e paths) { d’, which minimizes the cost function (2) is selected and
+  while ASCDGis not acyclic do { removed from théSCDG(line 16). Then, all the routing paths
5 D — GetCycldASCDG; . Sy L
. oSt oo which determined’ are removed from the set of admissible
7 for deD { paths (line 17).
8 if ~3ceC:2(c)\PT%(c,d)=0 {

cost — B(c MPTZ(C J) ; dwidth llocati
E 2ceC IZ Q< (12O PTeCd)]) * B. Bandwidth Reallocation
10 if cost < cost { Using the procedure discussed in the previous subsection,
1 cost« cost ; . . ; i
b d—d: we obtain a routing function which is deadlock free (as the
s } ASCDGis acyclic) and which generates a set of routing paths
14 } by providing more adaptivity to communications charactedi
15 } ; by higher communication bandwidth. However, it is possible
1 ASCDG— ASCDG, {d }23 that the aggregate bandwidth on some network links exceeds
v 200 P(0)\UeecPT (G d); the capacity of that links [i.e., Condition (1) is not satisfi
. } pacity of that links [i.e., Condition ( ) is not sal i
o} for somel € L]. In this case, some routing paths passing

through those links, must be removed to reduce the aggregate
bandwidth on those links down to the links capacity or, more
in general, down to a user defined value.
The proposed algorithm is shown in Figure 4. The input
the dependencgl = (l1,17): parameters are the set on network links, the set of com-
2 munications, the set of admissible paths derived from the
PT(c,d) =PT(c,11) NPT(c,l2). procedure described in the previous subsection, and anbices
Let d be an application specific direct dependency. To remowich defines the maximum bandwidth which has not to be
d all the paths of any communicatiocnwhich determined exceeded in any network link. The output is the updated set
must be removed. For communicatiorthe aggregated band-of routing paths. The procedure starts by sorting network
width to be redistributed i$8(c)/| £2(c)|] x |PT?(c,d)|. This links in descending order based on their aggregate baniwidt
bandwidth is redistributed between the?(c)| — |PT?(c,d)| For each linkl and for each communication which has at
remaining paths which do not determine the dependehcyleast one path using but has more than one path, two lists
Based on this, the dependency to be removed isdtkeD named pathrem and pathgenr are generated as follows.

Fig. 3. Break cycles algorithm.

such that the cost function: path2rem contains all the paths far that should be removed
) x |PT2(c d)| as they use network links whose load exceed the threshold.
cost(d) = ;ﬁ@ 20— PT2(c.d)) (2) pathgenr contains those paths that can be used by other
communications (i.e., can be enriched) as they use links

is minimized. This ensures that the dependency which will lvehose load is below the threshold. Then, the fiathremis
chosen for removal is such that the load on the paths whisbanned and routing paths belonging to it are removed from
determine that dependency is redistributed on the maximu#. Of course, removing a path causes the redistribution of
possible number of alternative paths. the bandwidth allocated on it on the other paths belonging
The breaking cycles algorithm is reported in Figure 3. Fdo path®enr. Thus, the path elimination stops when there

each cycle of théASCDG only the channel dependencies thais at least one path ipathenr that contains a link whose

if removed, do not cause reachability problems, are consile load exceeds the threshold. The above steps are repeatied unt
This check is performed by ensuring that there does not extise load on each link does not exceed the threshold. This



TABLE |
PERCENT DECREASE OF STANDARD DEVIATION OF THE AGGREGATED
BANDWIDTH IN NETWORK LINKS.

1 Bandwi dt hReal | oc(L: set of links,

2 C: set of communications,

3 2. set of adm ssible paths,
4 threshold: i nteger) ({

s while 31 eL:AB(l)>threshold do {
6
7
8
9

[ Traffic__ | APSRA-BW | APSRA-BWL |

rem_flag o fallse; ; ; LBJirt]iI((;\r/r:rsal igzﬁ gzﬁ;
Sort links in L= {I17I27_...7In} i n descendi ng Butterlly 0% %
order of Ioad.. That is, such that Shuffle 18% 19%
AB(lj) > AB(li+1), 1=12,...,n—1; Transposel 0% 2%

10 for Tel { Transpose2 0% 2%
1 for ceC:PT(c,l)#0 { Hot-spot_C 10% 1%
12 path2rem«— pathenr«— 0; Hot-spot_TR 5% 10%
13 iff \zzlz()c)\;(l){{ MMS 5% 5%
14 or C
5 "t Sle P: AB(l) > threshold [Average [ 10% | 12% ]
16 path®rem«— path2remu {P} ;
17 else
i } pathenr — pathenrU {P}; Let us start by showing the effectiveness of the proposed
20 if pathfenr£0 { approach in uniformly distributing the traffic over the netk.
21 rem flag « true; To do this, we use the standard deviation of the aggregate
22 f(;’(c? € Paat(*g{e{rg}{ bandwidth in the network links as the evaluation metric.nigsi
2 . < C_ , this metric, we compare APSRA, APSRA-BW, and APSRA-
. |fbr§|a|1;e pathenr: 3 17€ PT: AB(I') > threshold gy "o "2 8x 8 mesh based NoC under different traffic
2 } scenarios. For the APSRA-BWL, we fix the threshold to the
27 } 90 percent of the maximum aggregate bandwidth when fully
28 } adaptive minimal routing is used. For each traffic, Table |
2 } reports the percentage decrease of standard deviatioreof th
” }if _rem flag { aggregated bandwidth in network links when both APSRA-
» show("Not able to reallocate paths to BW and APSRA-BWL are used. As can be seen, the proposed
3 meet the required threshold."); heuristic to break cycles of th&SCDG allows to better
3 return ; distribute the bandwidth across the network. There are some
s} situations, in which there is not any reduction in standard
zj }} deviation. This is the case dfansposeand butterfly traffics

in which the ASCDGis already acyclic and the cutting edge
heuristic does not take place. On average the standard-devia
tion of the aggregated bandwidth in network links decreases
by 10%. An additional improvement of 2% is obtained when

procedure aborts if the path elimination step cannot beeghrrthe bandwidth redistribution procedure is used. On therothe

out due to reachability issues which arises when it needsSige, as discussed in Subsection lI-B, the elimination of

remove a path which is unique for a certain communicatiorSOme routing paths operated by the bandwidth redistributio
procedure, negatively affects the adaptiveness of thangut

function as shown in Figure 5. As can be see, liatterfly
IV. EXPERIMENTS AND RESULTS and transposetraffic, there is no loss in adaptivity due to

We evaluate the proposed approach on both Synthetic éhg fact that for such traffics th&SCDGis acyC”C, thus the
real traffic scenarios. As synthetic traffic scenarios, we-coheuristic to break cycles does not take place. It is intergst
sider [6]uniform transposebit-reversaj Shufﬂe butterﬂy, and to observe that, for some trafﬁCS, liket-reveral and Shufﬂe
hot-spot For them the bandwidth for each communicating pathe adaptivity of APSRA-BW is higher than that of APSRA.
has been randomly generated between 10 and 100 MB/sRhough the main objective of APSRA is the maximization
As a more realistic communication scenario we consider0 adaptivity, the heuristic to break cycles immediatelypst
generic MultiMedia System which includes an H.263 videwhen the first solution is found.
encoder, an H.263 video decoder, an mp3 audio encoder anéfigure 6 shows the aggregate bandwidth of any link ofa 9
an mp3 audio decoder [7]. The application is partitioned in® mesh based NoC undeniform traffic for both the routing
40 distinct tasks which have been manually mapped ot & 5 algorithm generated by APSRA and by APSRA-BWL. The
mesh-based NoC. threshold has been fixed to 550 MB/sec. As can be observed,

In the following we indicate with APSRA the approachwhen APSRA is used, the aggregate bandwidth in several
proposed in [2], with APSRA-BW the variant of APSRAIlink exceeds the threshold. If this threshold represents th
using the heuristic presented in Subsection IlI-A, and withetwork link capacity, such bandwidth overheads transfate
APSRA-BWL the augmented version of APSRA-BW with thdocal network congestion that, due to back pressure mesimani
bandwidth reallocation procedure discussed in Subsedtfion along with the wormhole switching technique, propagates to
B. the entire network causing a strong degradation of overall

Fig. 4. Bandwidth reallocation algorithm.
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- o a traffic scenarios. The results obtained show that the rgutin

function generated by the proposed approach i) is highly
adaptive, ii) reduces the variation of load in the netwonkd;,

ii) ensures that the link bandwidth limit is not violatedn&e

the proposed ideas are improvements over APSRA, a table
based router is the best implementation option for the nguti
function [2].

Adaptivity
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Fig. 5. Adaptivity of the routing algorithms generated byS$%¥A, APSRA- REFERENCES
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