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Abstract

Chip Multi-Processor (CMP) architectures have become stieam for designing processors. With
a large number of cores, Network-On-Chip (NOC) providesaadde communication method for CMP
architectures, where wires become abundant resourcdatdeanside the chip. NOC must be carefully
designed to meet constraints of power and area, and proltrddaw latencies. In this paper, we propose an
Adaptive Physical Channel Regulator (APCR) for NOC routeesxploit the huge wiring resources for high
performance and low power. The flit size in an APCR router ifonger equivalent to the physical channel
width (phit size) providing finer granularity flow control. BAPCR router allows flits from different packets
or flows to share the same physical channel in a single cytle tfiree regulation schemes (Monopolizing,
Fair-sharing and Channel-stealing) intelligently all@ctihe output channel resources considering not only
the availability of physical channels but the occupancynpiuit buffers. In an APCR router, each Virtual
Channel can forward dynamic number of flits every cycle ddpenon the run-time network status. We
also introduce Generalized NOC Router Design (GNRD) — adrarark for exploring the design space of
NOC routers. Our simulation results using a detailed cyadedrate simulator show that an APCR router
improves the network throughput by over 100%, compared withaseline router design with the same
buffer size. An APCR can outperform the baseline router évire buffer size is halved. Furthermore, an
APCR router enjoys over 33% total power savings with a ldtlea overhead.

1 Introduction

Moore’s law has steadily increased on-chip transistoritheasd integrated dozens of components on a single
die. Providing efficient communication in a single die is dming a critical factor for high performance
CMPs [1]. Traditional shared buses and dedicated wires tloneet the communication demands for future
multi-core architectures. Moreover, the shrinking tedbgg exacerbates the imbalance between transistors and
wires in terms of delay, and power has embarked on a fervanttsdor efficient communication designs [2].
In this regime, Network-On-Chip (NOC) with packet-switchiis a promising architecture that orchestrates
chip-wide communications towards future many-core preces

Although interconnection network design has matured irctrgext of multiprocessor architectures, NOC

has different characteristics for chip-wide communigasapport, making its design unique. NOC can benefit



from high wire density due to no limits on the number of pinsl daster signaling rates. However, the cost
of NOC is constrained in terms of power and area. In fact, N@@gv consumption is considered to be
significant since 28% of the tile power in Teraflop [3] and 36Pthe total chip power in 16-tile RAW chip [4]
are consumed by NOC. As feature size shrinking, there hase ddandful studies exploiting abundant wire
resources to explore different topologies with high degtesnnels such as Flattened butterfly [5] and Express
cube [6]. However, high radix routers require more buffaioregces and complex arbitration, resulting in more
power consumption and area overhead. It is very criticah@NOC router design to find a way that fully
utilizes the wire resources to provide high performancelendaving power and buffer area. One can suggest
to provide a wide transmission channel between routerg;iwfacilitates low latency due to small serialization
delay [7, 8, 9]. However, as Figure 1 shows, simply increadime channel width and defining the flit size the
same as the channel width or the phit size do not deliver madiepmance benefit with the same router buffer
budget. Due to the fixed buffer size, increasing flit size withportionately decrease the buffer depth. Even
with wormhole flow control, the performance still suffersgdedation. Meanwhile, the majority of on-chip
communication emanates from cache traffic, such as cacleearade messages or L1/L2 cache blocks. On one
side a coherence message, like the request or invalidatiiy consists of a little header and a memory address,
which are around 64 bits. On the other side, a packet whiafiesaa L1/L2 cache block is as large as 512 bits
(64 Bytes). Diverse packet sizes limit the usage of wide nhkmn
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Figure 1: Average Packet Latency with Three (128, 256 andiBts? Different Channel Widths and Fixed
Router Buffer Sizes in & x 8) Mesh Network.

The packet latency in NOC is the time required for a packetaeetrse the network, which includes router
delay, time of flight, serialization latency and contentd®iay. Serialization latency arises from the organiza-
tion of packets. The more flits one packet has, the bigges isdtialization latency. In light of this, a big flit
size will decrease the packet serialization latency. Hendhe sharing and multiplexing of physical channels
among different source-destination pairs result in theiaxaion delay. It is easier to release the network con-
gestion with a finer granularity flow control by defining a sheaflit size. The trade-off between serialization

latency and contention delay is very critical for NOC roudesign.



In this paper, we propose an Adaptive Physical Channel Regul[APCR) for NOC routers. Even though
there may exist different lengths of packets (short or Idnghe same network, an APCR router only defines
one constant flit size, which is typically smaller than themfmel width. An APCR router allows a virtual
channel (VC) to transmit multiple small flits in one cycle. eThumber of flits being transmitted every cycle
dynamically changes according to the network status. Weeptethree regulation schemes for APCR: monop-
olizing, fair-sharing and channel-stealing. Routers begoun-time configurable to different lengths of packets
with these three regulation schemes. It is similar to priogidouters with diverse flit size definitions to meet
the requirement of different lengths of packets. On one hiamg) packets with multiple flits can transmit more
than one flit in a cycle when no other packets want to use theubehannel (This occurs in a low workload
network). On the other hand, short packets, normally coimgione flit, use only a portion of the output chan-
nel and let the other portions to either be utilized by othaekets or in lower power state, thus saving link
power. Furthermore, APCR allocates the channel resousiag the occupancy of input buffers, thoroughly
utilizing the wide channel and providing high network thgbput. To better understand the design space of
NOC routers, we propose Generalized NOC Router Design (GNR®frame-work that demonstrates how
various network parameters affect the NOC router desigrr. saulation results show that an APCR router
outperforms a baseline router with double the buffer sizehelvbuffer sizes are identical, an APCR router
achieves more than 100% throughput improvement withouttinegeffect on zero-load latency. Moreover, an
APCR router saves router power consumption by over 33% evbravittle area overhead.

The rest of this paper is organized as follows. We briefly yreathe recent work in Section 2. We present
the three channel regulation schemes in Section 3. In $edtiwe detail the microarchitecture of an APCR
router design. We generalize the NOC router design in Se&ioln Section 6, we describe the evaluation

methodology and summarize the simulation results. Finakydraw conclusions in Section 7.

2 Related Work

Several previous NOC designs have been proposed to expebtindant channel resources. Work by Das et.
al [10] looks at multiple flits sharing a channel. In theirwetk, there are two kinds of flits, short and long.
The sharing condition is simple: if two short flits are routedhe same output port, they can simultaneously
traverse the crossbar and output channel. For long flitshadrgy is applied. One concern about this design
is that to support two kinds of flit sizes in the same netwadhnk, flow control can be challenging. Since a flit
is the basic flow control unit, providing two kinds of flits wélso make the credit management complicated.
[11] introduces the concept, Spatial Division Multiplegi(SDM), into the NOC design. The results show that
SDM is a more interesting approach than Time Division Midtiing (TDM), due to the high complexity and

power needed by buffers to store the TDM configuration fohezlock cycle. Nevertheless, their work does



not study the impact on performance and analyze how to sharehannel resources in detail. In [12, 13],
abundant wire resources are also explored. The main goaésétstudies is to provide more path diversity and
reduce the inside buffer size. To the best of our knowledgewmrk is the first one to introduce an adaptive

physical channel regulator into the NOC router design.

3 Adaptive Physical Channel Regulation Schemes

In this section, we primarily elucidate the three regulatichemes used in an APCR Rotitesile Section 4

delves into the detailed microarchitecture of an APCR moute

3.1 Monopolizing

Similar to a generic router, monopolizing allows only one WGise the total bandwidth of the output channel
every cycle. In a generic router design, the flit size is Ugulk same as the phit size. A VC can fully use
the whole bandwidth of the output channel. However, in an RPQuter design the flit size is smaller than the
phit size. In other words, potentially multiple flits can bethe same channel concurrently. Considering this
characteristic, an APCR router allows a VC to transmit mptétflits in the same cycle. There is one restriction
on this situation. Wormhole flow control allows differentgats stored in a VC without interleaving, and the
basic routing unit is a packet not a flit. Therefore, a VC isalliwed to transmit as many flits as it has. The
maximum number of transmitted flits depends on how many afdlibred in a VC belong to the same packet,
and not on how many flits the output channel can process. Fongbe, in Figure 2 the phit size is four times
the flit size, which implies the physical channel can transshimost four flits in one cycle. Meanwhile, the
VC depth is also four, implying each VC can buffer four flitsCywins the arbitration of the output channel,
and it contains four flits—one head flit, two middle flits ancedail flit. The four flits are stored like this way:
one middle flit stays at the head of the VC followed by the t#ilotlonging to the same packet, but the head
flit and the other middle flit belong to a different packet anellacated at the tail of the VC. In this case, even
though the output channel can transmit four flits at a timepnlg allow the first middle flit and the tail flit to
be transmitted. The head flit and the second middle flit shevalidl until the next cycle because they belong to
a different packet which may have a different routing ditt

Compared with the generic router design, a smaller flit ssreprovide finer granularity of traffic control.
In Figure 2, if VG has three flits belonging to the same packet, it can forwdrthiede flits together in one
cycle, while at another time it may only be able to send onevorflits. An extreme case occurs in which Y C
always buffers four flits belonging to the same packet. Ia Htienario Vg can transmit four flits every cycle

which will occupy the whole bandwidth of the output chann€his situation is similar to defining a big flit

In our discussion we assume the downstream router alwaysrioagh credits.
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Figure 2: Flit M and T belong to a packet, and flit H' and M’ arerfr another packet. Vi{Gwins the arbitration
of the output channel. However, only M and T can be transohitighe same cycle.

size equal to the phit size. Monopolizing allows a VC to traitgifferent numbers of flits in one cycle. If we
treat the term “flit” as the unit which a VC sends every cycle, APCR router makes the network “flit” size
run-time configurable according to the status of the netwankl each router can even use different “flit” sizes
at the same time. However, monopolizing can also poteptediste the channel bandwidth. Figure 3 shows
such a case. The relationship between the phit size and tisizéiis the same as in the previous example.
There are four VCs for each input port. Each VC has at leasfliite be sent. We assume the flits in each VC
routed to the same direction. M@ins the output channel. According to monopolizing, onlg quarter of the

output channel is utilized even though other VCs have flitgimgato be sent.
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Figure 3: VG wins the arbitration of the output channel. However,\Mily has one flit to be sent. It wastes
three quarters of the channel bandwidth.

3.2 Fair-sharing

Considering the inefficient channel utilization scenamsctibed above, we propose fair-sharing. VCs fairly
share the output channel resources. To achieve fair-ghaiwide physical channel needs to be divided into
several small parts, called sub-channels. We reserveaaaitf sub-channel for VCs of the same input port. VCs
of different input ports share sub-channels. Assumingdttysical channel is divided into four sub-channels

and each input port has four VCs, then each VC of the same puntitan have one sub-channel of its own.



However, VCs of different input ports should share sub-ae#s1 For example, VEuses sub-channglVC,
uses sub-channel .. and all the V@s of different input ports share the sub-chagndlo make the hardware
design simple, the ID of a VC is bound with the ID of a sub-chentsince the width of a sub-channel is fit
with a flit, VCs can send one flit concurrently even though thelpng to the same input port. If the number of
sub-channels is bigger than the number of VCs, each VC cardigned more than one sub-channel.
Compared with monopolizing, fair-sharing utilizes the wichannel more efficiently. This is because the
chance of sending flits from multiple VCs is normally highleann sending from a single VC especially during
high workload. Fair-sharing still has its own limitatiorss illustrated by an example in Figure 4. y@as
two flits, while VC; has three, but VE€and VG are empty. According to fair-sharing, y@Gnd VG will
use sub-channgland sub-channglto send one flit each. Since M@nd VG have no flits, sub-channebnd
sub-channgl are empty. Even though \{Gand VG have more flits to be sent, they cannot use sub-channel
and sub-channglbecause they are bound to other sub-channels.
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Figure 4: VG and VG can only send one flit each using their own sub-channels, &@ VG wast their
sub-channels because they do not have any flits. These vwgagiethannels cannot be used byMhd VG .

3.3 Channel-stealing

To further improve the utilization of wide channels, we prep channel-stealing, which is built upon fair-
sharing. Different from fair-sharing, if a VC finally has nd tb be sent, its sub-channel will be stolen by other
VCs. Here the stealing occurs in two ways. One is stealingn fCs belonging to the same input port, and
the other is stealing from VCs of different input ports whitdwve the same output direction. Channel-stealing
explores the channel resources thoroughly. It optimizesathitration of output channels by using the buffer
occupancy information from each VC and finally increasesdtevork throughput. In Figure 4, \\Gand VG
have no flits to be sent. V{Cand VG can steal the sub-channel assigned to,\&ad VG, and send more
than one flit. There are two options: Either y@nd VG send two flits each or VEsends one flit while VE
sends three flits. Choosing from the two options depends @ms¢heduling policy. In this study, we recruit

Round-Robin as our scheduling policy, which fairly allasthe extra free sub-channels to VCs with more



flits.

4 APCR Router Microarchitecture Design

To support the three channel regulation schemes in Sect@géneric NOC router microarchitecture has to be
enhanced. In this section, we first briefly explain a genef@Nouter microarchitecture and the functionality
of each pipeline stage. Then we propose our APCR router archiecture design and analyze each main

component.

4.1 A Generic NOC Router

Figure 5 (a) shows a generic NOC router architecture [14&farD mesh network. In most implementations,
there are 5 ports: four from the four cardinal directions ®I®I, EAST, SOUTH and WEST) and one from
local Processing Element (PE). The main building blocksimpat buffer, route computation logic, VC allo-
cator, switch allocator, and crossbar. To achieve highoperdnce, routers process packets with four pipeline
stages, which are routing computation (RC), VC allocatiaf)( switch allocation (SA), and switch traversal
(ST). First, the RC stage directs a packet to a proper outmtityy looking up a destination address. Next, the
VA stage allocates one available VC of the downstream ralggsrmined by RC. The SA stage arbitrates input
and output ports of the crossbar, and successfully grantedrfiverse the crossbar at the ST stage. Due to
the stringent area budget of a chip, routers use flit levdkbnf in a wormhole-switching network as opposed
to packet level buffering. Additionally, a buffer is manageith credit-based flow control, where downstream
routers provide back-pressure to upstream routers to préudfer overflow. Considering that only the head
flit needs routing computation and middle flits always havst&dl at the RC stage, low-latency router designs
parallelize the RC, VA and SA using lookahead routing [15] apeculative switch allocation [16]. The func-
tionality of lookahead routing is the same as a normal RCestegjculating the output ports. However, instead
of calculating routing information for the current routkrpkahead routing does the same for the downstream
router and stores the routing information in the head flitthis way the RC and VA stages can be overlapped
because the VC allocator does not need to wait for the outipRtCologic. Speculative switch allocation pre-
dicts the winner of the VA stage and performs SA based on tbdigtion. If the packet fails to allocate a VC,
the pipeline stalls and both the VA and SA will be repeatechaniext cycle. These two modifications lead to
two-stage and even single-stage [17] routers, which izl the various stages of operation. In this paper,

we use a two-stage router as the baseline router.

4.2 APCR Router Microarchitecture

Figure 5 (b) shows the microarchitecture of an APCR routbe differences from a generic router are shaded.

The VC allocator is the same as a generic router for the tlegealation schemes. Also no modification will
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Figure 5: Generic Router and APCR Router Architecture.

be applied to the crossbar. Even with wide channels, the eumibinput and output ports will be the same
(5 x 5 crossbar for a 2-D mesh topology). The APCR component wodether with switch allocator and input
buffers. Firstly, according to the characteristics ofeliént regulation schemes, APCR decides the number of
flits each VC can send. For example, monopolizing allows a&€end multiple flits but selects only one VC
from the same input port, while in fair-sharing a VC can orgyng one flit but no competition exists among
VCs of the same input port. Secondly, APCR controls the ifquffier operations according to the allocation
results. In the following we describe the design of each meaimponent in an APCR router. Detailed power

and area evaluation will be covered in Section 6.

4.2.1 Buffer Management

With the limitation of power and area, NOC routers rely on@ignbuffer structures. In the case of VC-based
NOC routers, each VC recruits a specified number of FIFO buff€igure 6 (a) shows such a organization.
Each input port has virtual channels, each of which has dedicatetlit FIFO buffer. Recent NOC routers
have small input buffers to minimize their overhead. Hene@ndk are smaller than in macro networks [17].
The necessity for low latency buffer operation dictatesube of a parallel FIFO as illustrated in Figure 6 (b).
As opposed to a serial FIFO implementation [18], the pdréliwor eliminates the need for a flit to traverse
all slots in a pipelined manner before exiting the buffer.isTline-grained control relies on read and write
pointers to maintain the FIFO order. Figure 6 (c) shows aghesf this FIFO buffer. When a read operation
occurs, the flit pointed by the head is sent out and the headgras automatically moved to the next position.
Similarly, when a write operation comes, the flit is writterttie position pointed by the tail and the tail pointer
is increased by one. When the head is equal to the tail aftead the buffer is empty. When the tail is equal
to the head after a write, the buffer becomes full.

The three regulation schemes (Monopolizing, Fair-shaandg Channel-stealing) require different buffer

structures. Input buffers for Fair-sharing is the same asdha generic router since every cycle only one flit
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Figure 6: Generic NOC Router Input Buffer Architecture.

can be sent from a VC. Buffer designs for Monopolizing andr@ledstealing fall into the same category. In
this section we mainly focus on the buffer design for Mongoey and Channel-stealing. With a wide link
and a small flit size, a VC can send multiple flits in a singldeyC€onsidering the high overhead of a multiple
read or write ports buffer design [19], we do not add read dtewgorts to each VC. Every cycle the amount
of data read from each VC is the same as the output channeWimthd which means the output width of
SRAM/DRAM or register$ is the same as the width of output channels. This design isahe as a generic
router which has the same flit size as the phit size. If theiflé & smaller than the phit size (for example,
the flit size is one quarter of the phit size), then the datd fe@m a VC in one cycle is not just one flit but
multiple (four) flits. However, the flits read out from a VC amet guaranteed to be sent because according
to the allocation of APCR, a VC may not use the whole bandwalthin output channel. If multiple VCs
share an output channel, each of them may not be able to Seitng @ata (four flits) they have read. Only
the guaranteed number of flits can be sent, and other reaflitsighould be dropped. Meanwhile, only the
flits belonging to the same packet can be sent out in the saole. cjo support the functionality of reading
and dropping flits, input buffers design should be modifiethe Tiead and tail pointer are not enough. It is
necessary to add a packet pointer which points the end @osifia packet. Also the input buffer should be
notified how many flits are effectively sent out. After eacad®peration, the head can be move to the correct
position. This information is gathered from the APCR cormgurafter the SA stage. Figure 7 describes the
whole procedure of the buffer management in an APCR rout€y buffers multiple flits which belong to the
same packet. Each link connected with y/§€ands for a bunch of wires whose width is the same as the flit
size. At step (1) multiple flits will be read out since the leufbutput width is equal to the router output channel
width, a multiple of the flit size. After the SA stage, the APC&mponent has the information of how many
flits each VC should eventually send. At step (2) the allecatnformation will be used to set up the head

pointer in each input buffer and control signals of each outUX. At step (3) the guaranteed flits will be

The buffers in an NOC router can be implemented as either SIRAMM memory or registers [20, 21].



sent to downstream routers through crossbar and the remgaiead-out flits are dropped. These dropped flits
will be read out from the input buffers again in the next cydibe buffer write recruits the same method as the
buffer read. Obviously, these redundant operations wiliirmore buffer power consumption, which will be

discussed in Section 6.

N @
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Figure 7: Three steps of buffer management: (1), Y€ads multiple flits out (the number of flits depends on

the relationship between the flit size and phit size.). (2CRPsets up the head of each input buffer and output
MUX. (3) The guaranteed flits are sent through crossbar. &hmaining flits will be dropped and read out again

in the next cycle.

4.2.2 VC and Switch Allocation

The VC allocation in an APCR router is the same as in a genetiter. However, the switch allocation is
different, which brings the main overhead. Figure 8 (a) shthe two-stage arbitration used in a generic réuter
The first stage is to select one VC from each input port. It a@ed: 1 arbiters. The second stage is for output
ports, selecting one valid request frgnnput ports which have the same output direction. Hencd) eatput
ports needs @ : 1 arbiter and the total number of the second stage arbiteis gutbp. Monopolizing has the
same SA structure as a generic router, which does not ingusAroverhead. Switch allocation for fair-sharing
is different as shown in Figure 8 (b). In fair-sharing, eacB uf the same input port has its own reserved
sub-channel, which guarantees one flit bandwidth. There iompetition among the VCs of the same input
port. They share the wide channel between the input bufi@tl@crossbar, each occupying one flit bandwidth.
This removes the first stage arbitration in a generic routenwever, each output sub-channel needs a arbiter
to decide the current winner because it has requests fromo¥@sferent input ports. Considering VCs are
bound with output sub-channels in fair-shafinthe number of inputs of an output sub-channel arbiter is the

same as the number of input ponis Assuming that the number of sub-channels of an output pequivalent

*We assume the router hasnput ports and each input port hasirtual channels.
4VC, from any input port can only use sub-channef all the output ports.
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to the number of VCs of an input port), pv p : 1 arbiters should be provided. Channel-stealing needs even
more complex SA structure because it provides the most feeglmnnel usage. Similar to fair-sharing, only a
single stage arbitration is required, shown in Figure 8 Kwever, channel-stealing does not bind VCs with
sub-channels, which means a VC can request any sub-charthel $ame output direction. Hence, each output

sub-channel needspa : 1 arbiter and the whole SA requires pv : 1 arbiters.
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Figure 8: Switch Allocation

42,3 Credit-based Flow Control

With credit-based flow control, the upstream router keepscard of the number of free buffers in each VC
of downstream routers. Every cycle, when the upstream réoteards a flit, it will consume one credit until
the credit counter becomes zero which means the VC of thegmonding downstream router is full. In the
opposite way, when the downstream forwards a flit and freesatisociated buffer, it sends a credit to the
upstream, causing the credit counter to increase by onéheligeneric NOC design, the flit size is the same
as the phit size, which means every cycle the current roaerferward at most one flit to its downstream
router in each direction. This triggers a credit to be senihéocorresponding upstream router. However, in an
APCR router the flit size is no more equivalent to the phit gimrmally smaller), which causes the number of
credits sent in each direction to be greater than one. Te $bis problem, more wires are needed between two
neighborhood routers to transmit the credit informatioonsgidering the depth of a virtual channel is not big,

the overhead of credit wires will be minor.
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424 APCR’'sEffect on the Router Pipeline

NOC router pipeline stage delays are quite imbalanced entlike processor pipeline [22, 16]. Normally, VA

stage is the bottleneck [23]. VA stage in an APCR router isstiae as in a generic NOC router. However,
SA stage is different. In the following timing analysis, weaimly focus on the SA stage. Table 1 shows the
SA stage delays for three different regulation schemesulReare obtained from HSPICE simulations using
45nm technology. Since monopolizing has the same SA as aigepater, they have the same SA delay.
Fair-sharing has the lowest delay, because of two main msaswostly, fair-sharing only needs a single stage
arbitration; secondly, binding VCs with output sub-chdanaakes the number of inputs of an output port
arbiter small. Channel-stealing has the highest SA stalgeg decause of its complicated arbitration. However,
compared to VA stage delay (328 ps), the SA delays of all treetechemes are still affordable. Additionally,

Das et. al [23] have proposed a time stealing technology enrtluter pipeline design. Hence, the APCR

component will not affect the pipeline depth or the routecklfrequency.

Table 1: Time analysis of SA stage delay from HSPICE simaitatising 45nm technology.

Generic| Monopolizing | Fair-sharing| Channel-stealing
247 ps 247 ps 122 ps 333 ps

5 Generalized NOC Router Design

In this section, we explore the design space of NOC routehichwve refer to as Generalized NOC Router
Design (GNRD).
Building on the characteristics of on-chip network, we detimfe GNRD as a five-tuple d, v, [, f, p > where:

d- the depth of a virtual channel (defined as the number of flits)

v- the number of virtual channels per input port

(- packet length (defined as the number of flits)

f-flit size

p- phit size (inter-router channel width)
Firstly, different router designs can be specified with tiéRB. The area of input buffers is linear to param-
eterd, v and f. With fixed flit size, manipulatingl and v results in different router buffer designs, such as
DAMQ [19] and ViCharR [24]. As an extreme case, when eithher v is zero, the router becomes the recently
proposed bufferless router [25]. The relationship betwgamdyp is the key point of this paper. In a generic
router, f is always equivalent tp, which prevents fine-grained flow control. However in an AP@Rter
design,f is smaller tharp. With an Adaptive Physical Channel Regulator a packet camsmit multiple flits

in a single cycle, and the number of flits being transmitteergeycle dynamically changes according to the
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network status, providing more flexible channel utilizatand flow control.

Secondly, the router performance is related to the GNRDwaranhole-switching network, the sharing and
multiplexing of physical links among different source-tilestion pairs result in increased packet transmission
latencyT’, which is defined as the time elapsed between the head fliegfdlbket being injected at the source

and the tail flit being ejected at the destination:
T=D/V+1/p+h X trouter + tc, 1)

where D is the Manhattan distance between the source and the d&siind is the propagation velocityl

is the packet size anglis the channel width4 is the hop count whilé,...:.. is the router latencyz, is the
latency when a contention occurs. From Equation 1, we cathsgehe two parameters in the GNRDand

p, directly affect the packet latency. The small¢p, the better is the performance achieved. It also give us
this implication: If we definef to be the same gs asp becomes biggerf also gets bigger which results in a
smaller! (We assume the total number of bits for a packet is fiXxad.total number of bits divided by.). A
smaller/ and biggemp will provide even smallet/p, producing smallef’, which results in better performance.
This conclusion is true when the workload of the network ¥8.1tn a high workload network, there are many
packets injected from the network interface. A biggenakes eithetl or v smaller if the total input buffer size

is fixed. A smallerd or v will cause the contention delay.j to increase. At this point, whether the packet
latency () will increase or decrease is open to doubt. An APCR routeviges a good trade-off between
the two components related with the packet latency. On ond,hahen the workload is low, an APCR router
allows a packet to use the entire channel resources, egoival definingf equal top. On the other hand, when
the workload is high, an APCR router makes more packets shai@itput channels, which potentially releases
the network congestion and reduces the contention dglayhile further analysis of the GNRD is beyond the
scope of this paper, the experiment results in Section Gideckome sensitivity studies on several parameters
in the GNRD.

6 Experimental Evaluation

We evaluate our APCR router design using both synthetic vads and real applications, comparing it with a
baseline router design, in which the flit size is always thmeesas the output channel width. We also examine

the regulation schemes’ sensitivity to a variety of netwoskameters.

6.1 Methodology

Our evaluation methodology contains two parts. Firstly,use Simics [26], a full-system simulator, config-
ured for UltraSPARCIII+ multiprocessors running Solariartl GEMS [27] that models directory-based cache

coherence protocols to obtain real workload traces. Talsled?vs the main parameters of our CMP system.
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All the cache related delay and area parameters are detsirbin CACTI [28]. Secondly, we evaluate the
performance with a cycle-accurate network simulator thadla@hs all router pipeline delays and wire latencies.
Table 3 summarizes the configuration for our network sinoulatWe use Orion 2.0 [29] for power and area
estimation. Orion 2.0 simulator uses a recent model [28]estuinates the area of transistors and gates using
the analysis in [30]. For area modeling, Orion 2.0 providalsi& estimates for inverters and 2-input AND and
NOR gates and adds an additional 10% to the total area to mctmuglobal white space. For power model-
ing, Orion 2.0 estimates dynamic and static power consumtr buffer, crossbar, arbiter, and link with 50%
switching activity and 1V supply voltage in 45nm technolodye model a link as 512 parallel wires, which
takes advantage of abundant metal resources providedune foulti-layer interconnect.

The workloads for our evaluation consist of synthetic woakls and real applications. Three different
synthetic traffic patterns, namely Uniform Random (UR), Bamplement (BC) and Transpose (TP), are used
in our evaluation. Our synthetic workloads support différpacket sizes. A one-flit packet (short packet)
emulates a control message, and a five-flit packet (long paekeulates a data message. The percentage of
short packets is 60% The packet generation rate for each node is constant. EHhapelication workloads
considered in this paper are three programs (fft, lu, rafitooh SPLASH-2 [32], four benchmarks (blacksc-
holes, streamcluster, swaptions and fregmine) from theF&Rsuite [33], three programs (equake,fma3d and
mgrid) from SPEComp2001 [34] and SPECjbb2000 [35]. We coméigour network simulator to match the

environment in which the traces are captured.

Table 2: CMP System Parameters.

Clock Frequency 4 GHz

Core Count 32

L11& D cache 1-way & 4-way, 32KB, 1 cycle

L2 cache 16-way, 16MB, 512KB per bank, 32 banks, 20 cycles
L1/L2 cache block 64B

Memory Latency 300 cycles

Coherence Protocal Directory-based MSI

6.2 Performance

In this section, we first evaluate the average packet latearche three schemes, compared with the baseline
router design. The flit size in the three regulation schermamly one quarter of the channel width, which
means four flits can be transmitted in each cycle. Since theifks in our design and the baseline design are
different, we useacket per node per cycle as the metric of workloads to ensure a fair comparison. Eackai

has the same number of bits. A packet which contains fourifiigur design will only have one flit in the

5The percentage is taken from SIMICS with GEMS extension.[31]
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Table 3: Baseline Network Configuration and Variations.

| Characteristic \ Basdline | Variations

Topology 8x8 2D Mesh -

Routing XY -

Router Arch Two-stage Speculative APCR Router

Per-hop Latency 3 cycles: 2 cycle in router, 1 cycle to cross link-

Virtual Channels/Port 4 -

Packet Length(flits) one flit for control and five flits for data | —

Traffic Pattern Uniform Random, Bit Complement, Transpos&PEComp, SPECjbh,
SPLASH-2 and PAR;
SEC

Simulation Warm-up Cycles 10,000 -

Total Simulation Cycles 200,000 10,000,000 for real apr
plications

baseline design. We also fix the total buffer size of eacherouince the flit sizes are different, the depth of
input VCs in our design is different from that of the baselifesign.

Standard Synthetic Workloads: Figure 9 shows the simulation results using three syntlhvedidkloads.
The results are consistent with our expectations. The srebderved in all the three traffic patterns are the
same. When the packet injection rate is low, the performaffitee four schemes only has minor differences.
However, with high injection rates, an APCR router perfotm#ter than a baseline router. For example, when
the injection rate is 0.1, monopolizing improves the perfance by 67% for the Uniform Random traffic.
Among the three regulation schemes, channel-stealingei®dist. The main reason is that channel-stealing
utilizes the output channels most efficiently. If there aits flieady in any VC and downstream routers have
enough credits, the output channel can always be utilized.cinnel usage restrictions exist in channel-
stealing. In the baseline design, if a flit is transmittectigh the channel, since the flit size is the same as
the channel width, the wide channel is also fully used. H@wea big flit size can affect the VC depth if we
keep the router buffer size constant. When the packet injecate is high, with shallow VC depth, contentions
occur and the network easily can get saturated. An APCR rooddes more packets share the same channel
resources, which potentially releases the network coimgesthe three schemes perform much better than the
baseline when the packet injection rate is above 0.1. Alsermthe network congestion is released, the network
throughput is improved. It is observed that channel-gtgalicreases the throughput by more than 100% in all
the three traffic patterns. Figure 9 (d) shows the performaasult with the buffer size of the APCR router
halved. We can see that the APCR router can still outperfdnedaseline router.

Real Applications. Figure 10 shows the average packet latency across reatatmtis. Channel-stealing
delivers the best performance while the baseline is thetw@&isice the packet injection rate of each node in

these real applications is very low (below 0.01), the laggngrovement of the three schemes over the baseline
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Figure 9: Packet Latency with Three Synthetic Traffic Patién an (88) Mesh Network.

is not obvious. Specjbb gets 9.3% improvement while fft geB86 and lu gets 6.6%.

6.3 Power Analysis

Power consumption is one of the main concerns in NOC routsigde Compared with the baseline router
design, an APCR router incorporates certain modificatiotsthe operations of input buffers and SA arbiters.
In this section, we use Orion 2.0 to estimate the power coptiomof an APCR router. Figure 11 (a) shows
the total power consumption with different packet injesti@tes in the Uniform Random (UR) traffic. We
observe that all the three schemes (Monopolizing, Fairisfp@and Channel-stealing) consume less power than
a baseline router before the network saturation point (Mgnopolizing saves 33%, fair-sharing saves 43%
and channel-stealing saves 35%. Among the three schenreshigaing has the lowest power consumption.
Figure 11 (b) presents the detailed power values for eactpopent. Compared with the baseline router,
monopolizing and channel-stealing exhibit higher powerstmnption in input buffers. The reason behind this
can be understood from the buffer operations of the two selenio avoid using multiple read and write

ports, the buffer in monopolizing and channel-stealintlstive the same port width as the output channel even
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Figure 10: Average Latency Across Benchmarks.

though the flit size is smaller than the phit size. This degiggoduces multiple redundant read operations for
the same flit. For example, let's assume the output chanrtithvg 512 bits and the flit size is 128 bits. Then
the width of the input buffer read port is also 512 bits. At 8iE stage, even though the current VC can only
sends one flit, four flits are read out, three of which will bepgfred since they cannot traverse the crossbar in
the current cycle. In the worst case, if four flits are stored MC but the arbitration happens such that only
one flit can be actually sent every cycle, then the first flit bél read out once, the second flit twice, the third
flit three times and the fourth flit four times. However, in aéline router flits are read from input buffers
only when they can be sent. These redundant buffer opesatianonopolizing and channel-stealing cause the
high buffer power consumption. The buffer design in faiassing does not have this problem because each VC
sends at most one flit every cycle, which is the same as a baseliter. However, fair-sharing has less power
consumption than a baseline router. The main reason is thaiadl flit size achieves finer granularity packet
definition, which is more power efficient. For example, in addae router, if the channel is 512 bits, then the
flit size should be 512 bits. The control message in a cacherenbe protocol is usually no more than 128 bits.
Since a flit is the basic unit, this 128-bit control messagaikhuse at least one flit. In a 512-bit flit, only the
first 128 bits are valuable data and the other 384 bits aressdahereby wasting the network power. An APCR
router can define a relatively small flit size, such as 128 &dddts. With a 128-bit flit, all the information in a
flit is useful and with a 256-bit flit, only 128 bits are wast€&bmpared with wasting 384 bits, an APCR router
is more power efficient. This benefit can also be observed trentrossbar and link power in Figure 11 (b).
If we only use one portion of the wide channel, the underusetiqns will be idle thus consuming only static
power. Simulation results show that the three schemes sassbar power by 40% and link power by 44%.
As an APCR router recruits a more complicated SA arbiterghesi leads to higher power consumption in SA
arbiters. From Figure 11 (b) we can see that compared witkr atbmponents the power consumption due to

SA arbiters is negligible. This also explains why the totalver consumption of an APCR router is still lower
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than a baseline router.
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Figure 11: Power Analysis of APCR Router.

6.4 AreaAnalysis

Table 4 shows the area of each router component. The differenly comes from the SA arbiters. The arbiters
used in fair-sharing consume two times the area of the ashitea baseline router while for channel-stealing it
is four times. However, compared with other componentsatiea used by arbiters is negligible. That's why

we cannot see much area difference when we consider thedotal area (The last row of Table 4).

Table 4: Router Area.

Baseline (1m?) | Monopolizing (xm?) | Fair-sharing m?) | Channel-stealingu{m?)
Buffer 94195.7 94195.7 94195.7 94195.7
XBar 1.36273E+07 1.36273E+07 1.36273E+07 1.36273E+07
VA Arbiter 36659.9 36659.9 36659.9 36659.9
SA Arbiter 954.437 954.437 1908.87 36659.9
Total 1.37591E+07 1.37591E+07 1.37601E+07 1.37948E+07

6.5 Sensitivity to Network Design Points

According to the GNRD, different parameters come out différrouter designs. Here, we present variations
that provide insight into the performance of an APCR routatifferent environments. Observing that channel-
stealing delivers the best performance, we use chanralrgidor our experiments in our sensitivity study. The
key idea of an APCR router is that the flit size is smaller th@nghit size. The effect of the ratio between the
phit size and flit size on the performance is shown in Figurél2‘p/f 2" means the phit size is two times the
flit size. In this situation, the output channel is dividetbitwo sub-channels. We can see that from ‘o
“plf_4” the network throughput is almost doubled. However, as/tiee of “p/f” keeps increasing, there is no

significant improvement. The main reason is that the dep¥Qx is fixed as four. Even though the router has
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many free sub-channels, like 16 or 32, the maximum flits stanea VC is four. Hence, VCs cannot provide

enough flits to completely utilize the sub-channel resairce
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Figure 12: Sensitivity Studies with Different Network DgsiPoints.

To further study how the VC depth affects the performancenoABCR router, we simulate with different
VC depths. Each output channel is divided into four sub-nk& which also means the flit size is one quarter
of the phit size. The number of VCs is also fixed as four. Fidit€b) summarizes our experiments. Firstly,
we observe that increasing the depth of VCs improves thearktihroughput. For example, changing the
depth from 2 to 4 causes the network throughput to be imprdyethore than 53%. From 4 to 8, we get
around 60% improvement. However, if we further increasediygth of VCs from 8 to 16, the improvement is
insignificant. One reason for this can be deduced from thkgbaize. In our experiment, the maximum packet
size is five. VCs, whose depth is 8 or 16, can always hold ondengarket. The number of credits provided by
the downstream router can also be greater than five. Howas#éng rule of regulation schemes, flits belonging
to different packets cannot be transmitted in the same c¥¢le maximum number of flits a VC can send is no
more than five. Another reason is from the number of sub-aklanince there are only four sub-channels, the
output channel can only process four flits in a cycle. Thusnewith a big VC depth, the network throughput

cannot be improve much.

7 Conclusions

Abundant wires inside a chip infer that it is important toamge this huge wiring capabilities. In this paper,
we propose an Adaptive Physical Channel Regulator (APCRY@C routers to efficiently allocate the huge
wiring resources. By defining a small flit, an APCR router waBoflits from different packets or flows to
share the same output channel in a single cycle. The thregatem schemes (Monopolizing, Fair-sharing
and Channel-stealing) intelligently allocate the outphairmel resources considering not only the availability

of physical channels but the occupancy of input buffers. AACR router allows a virtual channel to transmit
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multiple flits every cycle. The number of flits being tranderit every cycle dynamically changes according to
the network status. We also introduce Generalized NOC R@eésign (GNRD) — a frame-work for exploring

the design space of NOC routers. Our simulation resultggusidetailed cycle-accurate simulator show that
an APCR router improves the network throughput by over 1088mpared with a baseline router design with
the same buffer size. An APCR router can still outperform sebiae router when the buffer size is halved.

Furthermore, an APCR router saves the router power consamipy over 33% with a little area overhead.
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