OSR-Lite: Fast and Deadlock-Free NoC
Reconfiguration Framework

Alessandro Strano, Davide Bertozzi Francisco Trivifio, José L. Sanchez José Flich
University of Ferrara Francisco J. Alfaro Universitat Politécnica de Valéncia
ENDIF Department, Universidad de Castilla-La Mancha Department of Computer Engineering
Via Savonarola 9, Computing Systems Department s/n, Camino de Vera s/n,
44122 Ferrara, ltaly 02071, Albacete, Spain 46071, Valencia, Spain

Emails: {strlsn1, brtdvd @unife.it Emails: {ftrivino,jsanchez falfarb@dsi.ucim.es  Email: jflich@disca.upv.es

Abstract—Current and future on-chip networks will feature an
enhanced degree of reconfigurability. Power management and
virtualization strategies as well as the need to survive tohe
progressive onset of wear-out faults are root causes for thaln all
these cases, a non-intrusive and efficient reconfiguration ethod
is needed to allow the network to function uninterruptedly
over the course of the reconfiguration process while remainig
deadlock-free. This paper is inspired by the overlapped stic
reconfiguration (OSR) protocol developed for off-chip netvorks.
However, in its native form its implementation in NoCs is out
of-reach. Therefore, we provide a careful engineering of th
NoC switch architecture and of the system-level infrastruture
to support a cost-effective, complete and transparent readigu-
ration process. Performance during the reconfiguration pra@ess Fig. 1. Two NoC configurations where the routing algorithnede to be
is not affected and implementation costs (critical path andarea  adapted.
overhead) are proved to be fully affordable for a constrainel

system. Less than 250 cycles are needed for the reconfiguati . : : . .
process of an 8x8 2D mesh with marginal impact on System configurations. For instance, Figure 1 shows two different

performance. configurations of a multicore system over time. In the first
one (configuration A) different applications are mappechi® t
I. INTRODUCTION NoC nodes and execute concurrently, while other resources

The new mobile usage models that are coming about requi€ Powered down. Later, the resource manager may trigger
the execution of multiple use cases on the same device wifli€hip reconfiguration to power on unused resources and thus
optimizing resource consumption for each of them. On tf€tivate a new application (configuration B).
other hand, the hardware and software design convergencéhe transition between configurations needs a careful desig
in todays complex embedded systems call for an upgradeadthe NoC routing algorithm, which establishes the pathrs fo
architecture building blocks in the direction of runtime reevery packet in the network. At each configuration a différen
configurability and adaptivity. As a result, applicatiom®sld routing algorithm is needed. In both cases, the algorithratmu
be able to frequently reconfigure the underlying hardwalke deadlock-free (should not introduce cycles in its channe
platform on-the-fly and in a cost-effective way, thus sefect dependency graph). However, in the transition betweengonfi
the most convenient operating point that suits their needs airations, both algorithms can induce extra dependencas th
allows an efficient use of system resources. lead to deadlock.

Modern multi-core integrated systems achieve scalable com Therefore, in order to migrate from one configuration to
putation horsepower and power efficiency by integrating the other, one possible approach is to drain the network, the
large number of processing cores on the same silicon dihanging the routing algorithm to the new one and finally
This trend is unmistakable since current products alreadgsuming traffic injection with the new algorithm. This is
include tens and even hundreds of processing cores, stioh case of the so called traditional static reconfiguration
as the Tilera multicore processor [1]. In this context, oTSR). In this case system performance is likely to be hgavil
chip interconnection networks (networks-on-chip, NoCs aimpacted by the reconfiguration process due to the tempprari
typically used to provide communication parallelism and thow resource utilization. Alternatively, the network cam b
reference integration infrastructure for the whole system dynamically reconfigured, in the sense that traffic is not

To address the new functionalities, the NoC must be estopped during the reconfiguration process, but an effort is
riched with an efficient reconfiguration process which emeeded to avoid deadlock situations. This is typically exbd
ables the smooth and transparent transition between systeyndevoting extra resources to the network. We refer to this

(a) Configuration A (b) Configuration B



case as the dynamic reconfiguration. on the OSR-Lite proposal, whereas Section V deals with
In this paper we advance state-of-the-art in reconfigurmplementation issues. Then, Sections VI and VII deal with
tion frameworks for NoC-based systems. However, insteaifjh-level results and synthesis results, respectivele. @aper
of designing a brand new reconfiguration mechanism, vieconcluded in Section VIII with conclusions and future wor
recognize the large amount of bibliography and proposals
made for reconfiguration mechanisms in high-performanee of
chip networks. In this sense, we pick the approach thatibette During the last two decades, a large number of proposals
suits the NoC domain and the tight resource budgets of thave been presented about resilient routing for both dff-ch
on-chip environment. and on-chip networks. These approaches are either nonre-
The Overlapping Static Reconfiguration process (OSR) @onfigurable fault-tolerant routing strategies which tate a
[2] enables a transparent system reconfiguration procesg. Hlimited number of faults [3]-[6], or reconfigurable routing
ever, in [2] only the protocol was described while at the sanmeechanisms that allow unlimited changes to the network. We
time highlighting the key architectural requirements topr focus on schemes of the second category, in particular aetho
erly support it (namely virtual channels, routing tablesgere based on reconfiguration processes that consider suchehang
notification, involvement of end-nodes in the reconfigunati to the network structure to obtain new routing paths replaci
process). Unfortunately, no practical implementatiorights the previous ones.
were provided, thus raising the reader’s skepticism on theln off-chip networks, such as those used in clusters, during
applicability of OSR to an on-chip setting. a reconfiguration process, the topology resulting from the
In this paper we report on the first-time implementatiobonnection/disconnection or failure of network composést
of the native OSR protocol in an on-chip network, provindiscovered by a central node, which runs the reconfiguration
that the needed network over-provisioning is such to makggorithm in software. The management software computes
the protocol not viable in practice. As a consequence, thew routing tables and distributes them to each node. De-
paper targets the modification of OSR to better match tiecting the new topology and communicating the new routing
requirements of the resource-constrained NoC settings thteibles can be completed with or without traffic into the
resulting into the OSR-Lite framework. Such modificationsetwork. Static reconfiguration first stops and drains adirus
concern both selected protocol features (without givinghep traffic from the network before completing the reconfigumati
goodness of the underlying idea) and relevant implememtatiprocess [7], [8]. This reconfiguration method is unable to
techniques. provide real-time and quality-of-service support needgd b
With OSR-Lite in place, it is possible to reconfigure a wholgome applications. On the contrary, dynamic reconfigunatio
64-node network in a few hundreds of cycles, enabling the apdates routing tables without stopping user traffic. Irs thi
tire and transparent transition between any pair of indégen case, the main challenge is to guarantee deadlock freedom as
and unrelated configurations. Moreover, this is achievetl wiold and new routing functions are simultaneously active [2]
no impact on network latency and with no impact on switcfp]-[15].
delay. The reconfiguration performance of OSR-Lite makesin the context of networks on chip, new techniques have
it the enabling tool for planned reconfigurations in mult&o been proposed and other retain some features of the above.
systems. The following specific scenarios can be thereforae Vicis NoC architecture [16] uses the turn routing model
materialized by the outcome of this work: during fault-free operation, and a heuristic solution tinaikes
« Virtualization of the systemOur method enables theexceptions to that routing model to maximize connectivity.
runtime division of the entire network into sets of virtuaReconfiguration process rewrites the routing tables based o
regions for assignment to different applications runninge information from built-in-self-test units in each reut
concurrently. When large number of faults occur, exceptions sometimes
« Power managementhe reconfiguration mechanism carresult in deadlocked routing paths.
be exploited for powering down unused resources; suchA reconfigurable fault-tolerant deflection routing algonit
functionality becomes compulsory to keep power comrased on reinforcement learning for NoC has been proposed
sumption levels to reasonable bounds. in [17]. The algorithm reconfigures the routing tables thylou
« Reliability. When a NoC is augmented with transienteinforcement learning based on 2-hop fault information. |
fault tolerance, then this kind of faults can be toleratefd 8], a reconfigurable routing algorithm for a 2D-mesh NoC
without any loss of information. However, intermittenis presented. This algorithm introduces low hardware cost
faults are likely to be an indicator of the gradual onséjut can only be used in one faulty router or regular region
of a permanent fault (typically, a wear-out fault). In thisopology. Other proposals can deal with irregular faulioag.
case, OSR-Lite can be used to reconfigure the netwaikmechanism to tolerate failures in networks for paralleheo
so to exclude the affected link/switch component, befogsuters is described in [19]. It tolerates any number of faiu
the permanent fault shows up and causes packet lossregardless of their spatial and temporal distributionsnlmet
The rest of the paper is organized as follows. In Section il limited by the network connectivity and results in higlear
related work for reconfiguration is described. Then, in Bect overhead because it requires three routing tables perrroute
lIl the OSR technique is briefly described. Section 1V foausdn [20], a region-based routing has been proposed to handle
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irregular networks. This algorithm groups destination® inthey have an acyclic channel dependency graph. However,
regions to make routing decision. However, it does not gleviwhen using both algorithms at the same time new extra
a reconfiguration method to migrate from one configuration ttependencies are induced potentially leading to deadiduk.

another. can be seen in Figure 2 where a cycle is formed when using

Finally, [21] presented Ariadne, an agnostic reconfigorati two routing algorithms XY and Y X) at the same time.
algorithm for NoCs, capable of circumventing large numbei3uring a reconfiguration process we refer it,;; as the
of simultaneous faults, and able to handle unreliable &itueld routing function andR,..,, as the new routing function.
silicon technologies. Ariadne utilizes up*/down* for highSimilarly, packets routed wittR,;; will be referred to as old
performance and deadlock-free routing in irregular nekwopackets and packets routed wik,.,, will be referred to as
topologies that result from large numbers of faults. new packets.

Ariadne is implemented in a fully distributed mode. Thus it The native OSR method is based on the fact that those cycles
results in very simple hardware and low complexity althoiighare created only when old packets usiRg, are routed after
comes with suboptimal solutions for lack of global view. Th@ew messages usinB,...,. If old packets are guaranteed to
up*/down* routing will not perform optimally under certainnever go behind new packets the extra dependencies do not
configurations, specially in the absence of failures (in a 28cur in practice and then no deadlock can be formed. Indeed,
mesh). In addition, up*/down* routing is encoded in routingh a static reconfiguration process the entire network iséch
tables at switches. Unfortunately, the Ariadne latencylfpacthus guaranteeing old packets will never go behind new ones.
scales with network size (the configuration latency ine@sas ogRr is a static reconfiguration process but localized at
with the square of the nodes number). This latter propemsyenajin/router level, and not at network level. Indeed, it qarstees
severe impact on the network performance especially becaysat new packets are only forwarded via links that have been
Ariadne does not guarantee a transparent transition beWeR,ined from old packets. This is achieved by triggering a
configurations. The flits have to freeze in the network piESi (,ken that separates old packets from new packets. The token
and the throughput drops to zero during reconfigurationnEveg, triggered by all the end nodes and tokens advance through
when the communication resumes, a high contention due{ network hop by hop. Indeed, tokens follow the CDG
the fullness of injection queues strongly degraded the O&tW ot the old routing function, draining the network from old
performance for a long period. _ packets. However, in contrast with static reconfiguratibre,

As opposed fo these solutions, OSR-Lite does not Usgy packets can enter the network at routers where the token

routing tables at switches, allows coding any efficientir@it 5ready passed. Figure 3 shows the complete native OSR
algorithm (even DOR routing) and requires lightweight $Wit echanism, involving a central manager. In a first step, a

support to enable truly fast dynamic reconfiguration. MeEE0 ¢configuration action is triggered, either by the detectba
its latency smoothly increases with network size, and thga\functioning component or by a higher level manager in the
configuration transition is transparent, ultimately presey system stack requiring a reconfiguration, e.g. a new agijgica
the throughput of the system. is admitted. In any case, when needed the central manager
may receive event notifications through the network (step 1)
Then, in step 2, the new algorithm for the new configuration
Typically, a routing algorithm is deadlock-free when it$s computed by the central manager. The resulting inforonati
channel dependency graph (CDG) is acyclic (we do nptdisseminated to all the switches in step 3. In step 4 the end
consider fully adaptive routing algorithms). The CDG islsgt nodes trigger the token and the OSR reconfiguration spreads
representing the resources of the network by vertices (snain
the buffers associated with the ports of each switch) and
the dependencies between two resources by arcs. There is a
dependency between two resoureesndr, if a message can
user; and requests.
Two routing algorithmsRk,; and R, are deadlock-free when
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throughout the network (step 5). . ~« Involvement of end nodes in the reconfiguration process.
Figure 4 shows how tokens advance in a network. Atagiven |5 OSR the end nodes were notified to trigger the

output port, a token is triggered to the next downstreamerout reconfiguration. This is done by end nodes injecting the
indicating the output port has been drained from old packets tgken directly as a new packet. In NoCs, reaching the
This is guaranteed when the token has been received through end nodes via dedicated packets from the central manager

all the input ports of the switch that have ol&f4) output  would be a time-consuming course of action. In order to
dependencies with the output por_t. These_port dependencies ¢yt down on the reconfiguration latency, involving only
can be extracted from th&,, routing algorithm. However, switches and not endnodes in the reconfiguration would

how to perform this is not explained in [2], although it is key  pe an appealing property in a NoC setting.
to obtaining an efficient implementation. ]

Notice that the token divides two epochs in the network, N order to address all these issues, we propose the OSR-
the old epoch (when packets are routed with Ehg; routing Lité approach. Figure 5 shows all the steps and the main
function) and the new epoch (when packets are routed witppdifications performed. In particular, we exploit a cohtro

the R,..,, routing function). network through which routers can inform about expected
topology changes (e.g., an output link is having frequent
IV. OSR-LITE transient failures and is going to fail soon, or a region of

The OSR mechanism needs to be modified in order toe NoC is overheated and needs to be powered down). The
better suit the NoC environment so to become an efficient aodntrol network collects all the notification events anddsen
plausible mechanism for planned reconfigurations. Indéed, them to a central manager (step 1). If the reconfiguration is
main issues addressed in this paper are the following: instead initiated by a resource manager in the context oepow

« Caodification of the routing informatiorDuring the re- management or virtualization strategies, step 1 can b@egip
configuration process both routing algorithms coexist dhe central manager then computes the new configuration
the same time at routers. This means resources need@p 2) and disseminates the new routing information to the
be sized for both algorithms. In OSR, routing tables weiwitches (step 3). Then, every switch starts the OSR-Lite
used to store the routing info. In NoCs, however, routinggconfiguration process in step 4. Notice that end nodes are
tables are an expensive resource in terms of access tif@} involved in the reconfiguration process.
area, and power consumption. Therefore, hosting twoThe control network can be used also in step 3 for routing
routing tables per switch input port does not appear tiit dissemination to the switches. In previous work in [22]
be a cost-effective solution for OSR-Lite. we have presented the design of a dual network for switch-to-

« Control virtual channel (VC) used in OSRifferent global manager bidirectional signaling, thus offloadini¢jaal
actions (sending routing information to routers, triggecontrol tasks from the main data network. In that work, the
ing the reconfiguration process) are performed durirdpal network was used to notify diagnosis information to the
the OSR reconfiguration which imply the exchange ahanager following the main NoC testing phase, and to notify
information between a central manager and the routersnfiguration bits of the routing mechanism to the switches.
or the endnodes. In [2] this was implemented by meafi$ie same network could be reused for other purposes, such
of a control VC. Unfortunately, using VCs only for thatas congestion management, deadlock recovery and software
purpose has a large impact on router implementation (wilebugging. In [22] it is showed to be a cost-effective soluti
be seen later) and is not fully justified in an on-chip. for control signaling, which can be easily and effectivelgda

o Reliable control VC assumed in OSRA different reliable through a combination of fault-tolerant and oalin
(spanning-tree) algorithm is assumed in OSR to effetesting strategies. For this reason, this work relies orhsuc
tively route control packets through the control VC. a fault-tolerant dual network to convey control informatio



of the reconfiguration process. Furthermore, [22] also s} Local Port Flog

an efficient computation algorithm that comes up with LBDRIF'agj] Y I .

routing configuration bits of a new network partitioning Uestrem eoch —f  Epoch 0 Headers | ] _
topology shape. This is the algorithm the controller run: BASELINE INPUT BUFFER e
step 2. Given that the control network and the compute flitA  —a| 7 1bdr0  ——0 Routing bits to arbiter
algorithm are covered by previous work, from now on flite —’L bdrl —t

focus on the core reconfiguration process of the network P S §

on the microarchitectural support for that. The reader kh e / - J - ) Validto Arbiter

keep in mind that all these mechanisms will work togethe Logic \/ (St_a”‘\ L _'L”B'i,“;fﬁ,‘;;“

the complete reconfiguration framework. In the next sec | e stallfrom Arbiter

we describe the router implementation in more detail.

Fig. 6. Switch input buffer enhanced with the OSR-Lite logi@d a new set
of routing mechanism.

V. OSR-LITE IMPLEMENTATION

Without lack of generality, we use the xpipesLite switch a
chitecture [23] to prove viability of our OSR-Lite mechamis
The switch implements both input and output buffering a
relies on wormhole switching. The crossing latency is 1 eyc
in the link and 1 cycle in the switch |tse_lf. The switch relm_s A. OSR-Lite at the Input Ports
a stall/go flow control protocol. It requires two control @&
one going forward and flagging data availability ("valid”) As a first step, the baseline switch was enhanced with a
and one going backward and signaling either a condition ®¢cond routing logic unit (LBDR1) collecting the new rowgtin
buffer filled (’stall’) or of buffer free ("go”). We assume info coming from the central manager. This unit is connected
the following parameter values in the architecture: 32 Wio the input buffer as the baseline LBDRO block (see Figure
flit width, 6 flit output buffers and 2 flit input buffers. To 6) although is used exclusively for routing packets in the ne
note that different flit width and input/output buffer deptlepoch (new packets). The switch arbiters need to select the
could be assumed while preserving the OSR-Lite mechanisauting info from the appropriate routing logic block (esth
implementation. LBDRO or LBDR1). This is obtained from a multiplexer

The switch architecture is extremely modular. A port-abit configured by the current epoch of the input port (in a flip-
a crossbar multiplexer and an output buffer are instamtiatélop). In order to reduce the reconfiguration latency, theutnp
for each output port, while a routing module is cascadgprt evolves to the new epoch as soon as there are no stored
to the buffer stage of each input port. We implement logideader flits at the input port with the epoch bit set to zero
based distributed routing (LBDR) [24]: instead of relying o (Epoch O headersignal) and the token has been received
routing tables, each switch has simple combinational logitom the upstream switchupstream epochignal). Notice that
that computes target output ports from packet destinatiofis the case of the ports connected to end nddea{ port;
The support for different routing algorithms and topologiocal portflag), the token is assumed to arrive with the arrival
shapes is achieved by means of 16 configuration bits for thkthe new configuration bitsLBDR1 flag. In this case, the
routing mechanism of the switch (hereafter denoted as LBORader flits located in the buffers are considered of the new
bits). LBDR bits carry the routing algorithm informationepoch when the new configuration bits have arrived and the
(expressed in terms of routing restrictions), the conmitgti routing mechanism (LBDR1) is set. Notice that local ports do
information of switch output ports and special detour ifise not introduce dependencies between channels that maydead t
[24] for more details. Such bits make LBDR a flexible routingleadlocks, therefore is safe to assume all the injectedafiits
mechanism while at the same time significantly cutting dow®elonging to the new routing function. To notice that thestok
on the memory requirements of routing tables. LBDR bits afgopagation will always start from local ports at switchest
computed by a central NoC manager and disseminated to theolving end nodes.
switch input ports through the dual control network. Indeed The number of flit headers to be routed by LBDRO and
two sets of LBDR bits are allocated at each router for OSRtored in the buffer is detected by a 2 bits counter monitprin
Lite. Upon receiving the new routing bits, a router triggerthe incoming and outgoing headers of the input buffer madule
the reconfiguration process by auto-generating initiabtsk The counter increases its value when a header is accepted and
at its local input port (port connected to an end node) arle incoming token is low and decreases its value when a
processing the tokens accordingly. header is sent. In order to preserve the max performance of

The logic enabling the OSR-Lite mechanism was integratélte baseline switch, sequential logic stages were expldiie
into the above mentioned baseline switch taking care &void impacting the critical path in the OSR-Lite mechanism
preserve its modularity together with its performance. §hu Notice that the implementation prevents possible race con-
the OSR-Lite logic was designed in new modules plugged intlitions from occurring. For instance, a token may be reckive
the switch without affecting the existing blocks. Moregube from the upstream switch before the new routing bits are
new modules were instantiated for each switch port follgwirreceived. In that case, the header flits in the input buffees a

the modularity of the baseline blocks (the OSR-Lite mecha-
nréf'sm can be extended for switches of every arity by means of
F|mple logic replication).
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B. OSR-Lite at the Arbiters

OSR-Lite requires a lightweight new module plugged CONTROLNETWORK
around the baseline arbiters. The logic is reported in igur Fig. 9 Configuration information from neighbor switchesdacontrol
Basically, a set oAN D/OR logic blocks together with a set negt\./vor.k g g

of EXOR blocks allow the arbiter to process an incoming | ith the baseline OSR techni h h
header exclusively when the epoch of the switch input part h contrast with the baseline technique (where the rout-

is the same as the one of the destination output port. &9 restriction information was saved in the routing tapthg
the contrary, a packet residing in an input port with the nei\?/SR'Lr']te meghan||sn_1 nleeds go Ob‘a'f] ﬁgannel_dipen?nmes
epoch is stalled until the output port evolves to the new bpo om the routing logic located at neighbor switches. AS a

aranteeing old packets qo first and then new packets). result, three additional routing bits are sent by the LBDRO
(qu n9 P go WP ) logic of the upstream switch together with the token bit.

C. OSR-Lite at the Output Ports To note that LBDRO receiv_ed its rogting bi_ts inf(_)rmation
i through the control network in an earlier configuration stag
Concerning the output port, an output port evolves to thg aqdition, the input port needs to send the incoming rautin
new _epoch when all the input ports with output dependencigsstriction signals to the appropriate output ports. Theene
to this output port have evolved to the new epoch. In ordggy is extended by 4 additional wires (i.e. 1 token wire + 3
to efficiently deal with the dependencies, OSR-Lite tak%uting restriction wires). See Figure 9.
profit of the routing bits used in LBDR. Routing bits indicate Finally, the token is sent by the output port to the down-

the routing restrictions that exist at neighboring SWiEh,estream switch when all the input ports with dependenciels wit
Therefore, they can be seen also as channel dependencieg,dfo;iput port have evolved to the new epoch, meaning all
the R, bit is set it means that there is a link dependengyeqe input ports have drained all the old packets from their
between the output port and the output pory at the next p ¢ears (see the.ocal Epoch signal in Figure 8).

switch. On the contrary, if the bit is reset it means there is 5. the network has completely migrated to Epoch 1, the

no depen<_jency and in that case we can_safely asSUME Afry) manager can safely fill LBDRO bits with a copy of
packets will come through the port requesting output port | gppq bits, and instruct all the switches to safely swap to

y. Therefore, the output port needs to receive both the epogs,chg again. This allows for the system to be ready in few
of the input ports and the routing restrictions located & trbydes for a new reconfiguration process.

neighboring switches. The mechanism is enabled by a set of
OR blocks (each of them belonging to a different input port) V1. SYSTEM-LEVEL EVALUATION

followed by anAND block, as represented in Figure 8. In this section, we evaluate OSR-Lite. First, we show how

the OSR-Lite propagates over the network. Then, we evaluate
the reconfiguration time overhead under different injactio

To th bi i i I
Epoch 0 o theariter rates using synthetic traffic. Moreover, we compare the pro-
Routing Restriction 0 D - . posed reconfiguration with a_static reconfigL_Jration process
Epoch n . £ ouput tpoch  terms of network latency. Finally, we provide performance
P FF
i — Epoch O Header — —> I b . | I . . f ” .
Routing Restriction n —> I‘eSU tS y runn'ng rea app IcatIOI"IS II’I a. u SyStem SII[IM|a

environment.

flitN |

A. Propagation

OSR-LITE flitB =g
B e TOflitA In order to simulate the reconfiguration process, we have
BASELINE OUTPUT BUFFER modeled the OSR-Lite scheme in our event-driven cycle-
accurate network simulator. &x 8 mesh is used with worm-
Fig. 8. Switch output buffer enhanced with the OSR-Lite ¢ogi hole switching (although the proposed method also works for
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virtual cut-through switching). Flit size is set to 4 bytedan § 200
messages are 5-flit long. For the transient state, 50K messag %
are assumed and results are collected after 50K messages are E 150
received. S 100

Figure 10 shows how OSR-Lite tokens propagate over a % -
mesh when there is no traffic traveling through the network. 5
The diagonal arrows represent the bidirectional restmdi 0 Tozs 0.50 0.75
imposed by the routing algorithm (Segment-Based routiig [2 Low ~ Medium  High
in this case). In this figure, the numbers inside the switches Tratfc (fits/eyclefswitch)
represent the cycle when the token signal is propagated to it (b)

nglgh.bors' Moreover, th? arrows amor_lg switches depict tp.g 11. (a) Average message latency at different injectiates for SR
direction of the token signal propagations. As we can S&gyting ons x 8 2D mesh (b) OSR-Lite propagation ovea< 8 2D mesh
the token signals propagate among switches throughout tbmlogy at different injection rates.
network in the order of the routing channel dependency graph
where Figure 10.(a) follows a scrolling up zig-zag direstio uniform traffic when no reconfiguration process is triggered
and Figure 10.(b) follows a scrolling down zig-zag direntio The figure indicates the three network injection rates that a
When no messages are traveling through the network andsed in the simulations. In what follows, the three rates are
regular 2D mesh is considered then the number of clock cycleserred to as Low, Medium, and High, respectively.
required for the OSR-Lite reconfiguration process is matlele Figure 11.(b) shows the number of cycles involved in the
by the following formula: propagation of the OSR-Lite process taking into account the
PropagationTime — (4xDz(D — 1)) — 1 (1) thre(_a diffe_rent injec_tion rates. Each bar depicts the mean o
30 simulations varying the seed. Moreover, we show the error
where D represents the mesh dimension. As we can seehdts that represent the 95% confidence interval. As we can
is a very fast process as the protocol uses only 223 cyck=e, the propagation time does not exceed 242 cycles for the
when a8 x 8 mesh is considered. The high speed of thdigh injection rate. Moreover, the difference between kibth
OSR-Lite reconfiguration process allows to perform frequeminimum and the maximum network loads is only 14 cycles,
planned reconfigurations without affecting the integrity cand therefore, the network traffic condition has a minimal
the system operations. However, when there are messagisct on the OSR-Lite token propagation.
traveling through the network the switches must drain tipein  Finally, the contribution in terms of cycles for event no-
queues of old messages before propagating the token siginaification (A), algorithm computatior{ B), configuration bits
explained in Section Ill. This fact delays the OSR-Lite propdelivery (C') and OSR-Lite propagatioiD) should be taken
agation depending on the network load. In the following, wiato account to determine the total latency for a complete
analyze this effect taking into account different injentiates. reconfiguration process. In particuldrd) and (C) latencies
) depend on the position of the components to reconfigure with
B. Time Overhead respect to the central manager. On the other h&md, and
In order to analyze the impact of the network load ovetD) latencies are related to the number of components to
the OSR-Lite reconfiguration framework, we have performaéconfigure and the traffic injection rate respectively. &s a
different simulations varying the injection rate. For eaate, example, when we consider &x 8 mesh then at most 66
we assume a constant packet generation rate for all end.nodgsles are required to cross the control network. Moredfer,
Moreover, in order to ensure that start-up instabilitiesndd 7 switches need to be reconfigured (i.e. the scenario of &igur
affect our evaluation results, reconfiguration is not iretk 1) then 195 cycles are required by the computation algorithm
until the network is completely stabilized. Figure 11.(apws in [22]. Finally, 242 cycles are spent i) in a High injection
the performance obtained in&x 8 2D mesh network under rate scenario. Summing up, the total amount of cycles for a
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complete reconfiguration process is the following:
66(A) + 195(B) + 66(C) + 242(D) = 569 Cycles  (2)

o
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110
105
For dissemination of new LBDR bits to the switches, the £ *
dual network has to carry 17 bits per switch. However, not all 9%
switches need to be reconfigured, since the algorithm in [22 2(5)
is able to evolve a system configuration into a new one while 1Fai 1Fail-OSR-Lite 1Fai 1Fail-OSR Lite
updating the minimum amount of LBDR configuration bits. Blackscholes Streameluster

Normalized Values (%)

C Comparison Fig. 13. Performance with real applications.

In this section we compare the OSR-Lite protocol andigure 12.(c) the latency of the TSR line grows to more than
the traditional static reconfiguration process (TSR). Fégu 500 cycles, and then stabilizes after 350K cycles. In thigpe
12.(a), 12.(b), and 12.(c) represent the average netwtekdg Of time, the TSR reconfiguration is degrading the obtained
respectively under hotspot traffic and uniform traffic withatency more than the link failure degradation produces. On
Medium and High injection rates, where both reconfiguratidghe other hand, the OSR-Lite latency is upper bounded by the
processes (OSR-Lite and TSR) are invoked after 150K cycldsFail-Mesh latency.

Moreover, we have plotted two additional lines: the averageInterestingly, the hotspot traffic and the uniform traffichwi
message latency for the full mesh (Full-Mesh), and the ayeeraa High load have similar reconfiguration performance. Then,
message latency for the mesh which has one link disabl@ can observe that the OSR-Lite has no impact on the
from the beginning of the simulation (1-Fail-Mesh). Noticenessage generation while the TSR process does. In fact, the
the y-axis is in logarithmic scale. Moreover, we have selct TSR process increases considerably the obtained latemcy fo
a random link in theS x 8 mesh as faulty. Under hotspotall the cases. The main reason is that TSR queues all the
traffic pattern, 5 nodes are randomly chosen as hot spothwhigessages at end nodes during reconfiguration while that need
receive an extra proportion of traffic (30%) in addition t@ thdisappears in the OSR-Lite scheme.

regular uniform traffic. _ o

The first observation is that both Full-Mesh and 1-Fail-Medf- Performance with Real Applications
obtain a different message latency. This is normal becdwese t In the following, we present performance results when
1-Fail-Mesh suffers a latency degradation due to the dishblreal applications are used. In this case, we use a full4syste
link. On the other hand, the two reconfiguration processesnulator based on Simics-GEMS [26], [27]. Regarding the
(OSR-Lite and TSR) start at the same time at the 150K cyclen-chip network, we have used the same configuration as
At this point, the reconfiguration process moves from thé-Futhe previously detailed in Section VI. Messages are 8-flit
Mesh to the 1-Fail-Mesh topology. This effect can be estimlatlong for control messages and 72-flit long for data messages.
by the figures as the latency evolves from the latency obdain&s workload, we have used the PARSEC v2.1 benchmark
for the Full-Mesh to the latency obtained for the 1-Fail-Mes suite [28]. Although we have used all the applications from
However, an important result based on the figures is thhe PARSEC v2.1 benchmark, due to the lack of space, we
OSR-Lite performs the reconfiguration without degrading ttonly show results for two applications: Blackscholes, and
obtained performance. In this case, the obtained latermygyr Streamcluster. In all cases, Simsmall input set has beah use
up to the 1-Fail-Mesh line. Therefore, the latency is always Figure 13 shows the execution time, the network latency,
near the maximum obtained with the 1-Fail-Mesh topologgnd the network throughput. All the results are shown in nor-
In the TSR case, on the contrary, the latency is degradedlized terms with respect to the results of a fully connécte
due to the reconfiguration process overhead (need to drdin 4 mesh without link failures. The x-axis depicts the 1Falil
the network). In the three cases, the latency grows abaepology (a4 x4 mesh topology with 1 link failure), and 1Fail-
the 1-Fail-Mesh latency until it stabilizes. Specificaily,the OSR-Lite that represents the same topology as 1Fail butjsn t



case, the OSR-Lite reconfiguration process is triggeretién tOSR-Lite area overhead takes into account also the contribu
middle of the application execution. Therefore, for thigda tion of the control network carrying the information frometh
case, we pass from the fully connected topology to the 1Fgibbal manger to the routing mechanisms. For this purpose, w
topology using the OSR-Lite reconfiguration. These resukxploited the fault-tolerant control network proposed 22][
are shown for both Blackscholes, and Streamcluster PARSECThe OSR-Lite reconfiguration mechanism requires a 14% of
applications. area overhead with respect to the baseline switch. Thidtresu
As we can see, the performance degradation is minirmial mainly due to the additional LBDR routing mechanism
for both cases (1Fail and 1Fail-OSR). Regarding the 1Faf12%) contribute. On the other hand, the area overhead of
OSR case, obviously the degradation is lower because tke Ithe remaining reconfiguration logic (detailed in Sectioni¥/)
failure only affects half of the application execution, ahé negligible when integrated into the switch.
execution time degradation does not exceeds 3% of executiofnterestingly the OSR-Lite switch outperforms the baselin

time overhead in any application. OSR switch: this latter requires approximately two timegéa
area than the counterpart solution. This result is mainlg du
VII. SYNTHESIS RESULTS to the severe area penalty introduced by the VCs and the 65%

The implementation of a switch enhanced with the osirea saving achieved by the LBDR mechanism with respect
to the routing table.

Lite mechanism has been compared in terms of area an . . . :
. . ) . s a last consideration, the routing mechanism of the OSR-
routing delay with a switch based on the native OSR mech:- ; . : .
. i . X . . Lite solution scales with network size. In fact, while therme
anism described in Section Il and the baseline xpipesLi

e . . .
. : . X ory macro suffers from increasing area and delay penatties,
fg’;’gg;‘i;{i?hliﬁlﬁf Lﬁ?\}grgs?/arl#:gﬁgngx] dfiT(;TqStgtihilogic complexity of the distributed routing algorithms dawot
) y - B?pend on the number of destinations, hence it stays cdnstan
setting because of the need for VCs and the low scalability Pleed. the distributed routing algorithms just grow witfe t
routing tables. ’

. . . . switch radix.
For the experiments, an industrial memory compiler for a

40nm process technology was used to generate the memBryRouting Delay Comparison

macros required by the routing tables of the OSR mechanismln order to evaluate the effects of the OSR-Lite mechanism

synthesis for maximum performance. The same experiment
was repeated for both the baseline switch and the switch
augmented with the baseline OSR mechanism. TheR-

The description of the OSR mechanism in [2] focuses obITE switch and the baseline switch achieved a similar max-
the protocol details and it lacks of practical implememtati imum operating speed of 750 MHz. As described in Section
details. Thus we exploited the information provided in [@] tV, the reconfiguration scheme was designed to avoid long
model the OSR mechanism at RTL level and evaluate thistical path and preserve the baseline switch performance
latter solution in an on-chip constrained system. EsplgcialOur OSR-Lite-enabled switch is thus capable of an at-speed
the OSR mechanism relies on 1 data VC supported by sstonfiguration.
additional control VC, and it adopts routing tables. As a On the other hand, th@ SR switch is the 35% slower than
result, we implemented the OSR mechanism into a 5x5 switelr proposed solution as showed by Figure 14.(b). This resul
augmented with VCs by following the design techniques fa§ mainly due to the intrinsic complexity added by the VC
area efficiency in [29] and we enhanced the switch with thegic and the delay required to access the 64 words RAM
40nm memory macros to model the routing tables. routing tables.

The 8 x 8 mesh topology of Section VI was considered.

Thus, 64 end-nodes are the total number of destinationin th VIIl. CONCLUSION

system. When routing tables are used for distributed rgutin In this paper we have proposed the implementation of a fast
each switch input port has a memory module with a numband transparent reconfiguration mechanism in NoCs. Tha stri
of words equal to the amount of destinations. Every worcbnstraints found in on-chip networks demand for efficient
is composed of 3 bits, matching the switch radix. Given and compact mechanisms that do not excess in area and
destination ID, the switch selects the target output poseta latency demands. The native OSR reconfiguration mechanism
on look-up table. The minimum word width that the memoritas been proven to be unsuitable for this purpose although
compiler, at the 40nm technology node, can generate is 4 bifsoposing an interesting intuition. Therefore, in this @ap
As a result, above all the available memory cuts, a singke-peve have engineered the proper protocol and implementation
low-power RAM with 64 words of 4 bits was the memory cutnodifications to fit reasonable area budgets, with no impact o
showing the lowest routing delay and area footprint. performance while retaining the same underlying princfpte

Finally, Figure 14.(a) shows the area footprint of thisdatt fast reconfiguration. The final mechanism, OSR-Lite, is able
solution (theOSR SW) with respect to a baseline switch ando support a transparent NoC reconfiguration with as litde a
our proposed solutionqSR-LITE SW). In particular, the less than 250 cycles.

A. Area Comparison
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