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Abstract sends frames or when frames arrive over the network.
However, the tasks of sending and receiving frames are
Typical data-intensive embedded applications have largsit up into a sequence of event handlers separated by ex-
amounts of instruction-level parallelism that is often exremely high latency operations, such as direct memory
ploited with wide-issue VLIW processors. In contrasccess (DMA) transfers between the NIC and the host's
event-driven embedded applications are believed to hawain memory. By partitioning frame processing into a
very little instruction-level parallelism, so these appl sequence of event handlers in this fashion, tasks can be
tions often utilize much simpler processor cores. Pripterleaved and prioritized based upon the type of event.
grammable network interface cards, for example, utilize The event handlers in a modern network interface are
thread-level parallelism across multiple processor ctaresypically quite short (less than 220 dynamic instructions
handle multiple events concurrently. However, the syon average) and are often control-intensive (requiring
chronization required to access a device’s shared extewifferent control sequences based on what triggered the
I/0 interfaces lead to scalability limitations and dimimis event). These event handlers form a natural unit of con-
ing returns. currency. Each handler performs an independent stage of
This paper compares the instruction-level parallelisirame processing that can operate in parallel with other
versus thread-level parallelism in control-dominated nédtandlers that are processing different frames. Further-
work interface firmware and finds that though thread-levelore, with the appropriate mechanisms, the same han-
parallelism scales to higher levels of performance, thetler can operate in parallel with itself on different frames
exists a significant amount of instruction-level paradieli Therefore, frame-level parallelism can easily be exptbite
that can be exploited by traditional wide-issue VLIW prdsy systems that employ the event model. However,
cessors. For example, a seven-wide VLIW-based netstruction-level parallelism within the event handless i
work interface architecture achieves approximately thesumed to be low because of their small size and control-
same frame throughput as a two-way single-issue minltensive nature.
tiprocessor implementation. This motivates the use ofThis paper explores the trade-offs between exploiting
wide-issue VLIW architectures typically used for mediparallelism within an event-driven network interface gsin
and signal processing workloads to extract parallelisin lefiultiple processing cores versus using wide-issue very
previously unutilized by existing thread-level approachdong instruction word (VLIW) processing. While paral-
This paper advocates that a combination of these two #gd-processing yields close to linear speed-ups for small
proaches should lead to even higher levels of performameenbers of cores, there is also a significant amount of par-
than today’s control-oriented embedded systems architalielism within the event handlers. In fact, a VLIW core
tures. with 3 integer units and 3 load/store units achieves 39%
higher frame throughput than a VLIW core with a sin-
gle integer unit and a single load/store unit. While multi-
1 Introduction ple cores provide unmatched benefits, this work motivates
that these parallel cores should be more sophisticated than
Embedded systems firmware is often structured using the single-issue ARM or MIPS cores commonly used for
event model, especially in systems whose processingligh event-driven embedded systems; this paper shows
initiated primarily by external events. Network interfacthat a more sophisticated core can extract intra-task par-
cards (NICs) are one such example of these types of sghelism left previously untapped by the single-issue pro-
tems, as there is only work to be done when the systesssor within multiple core designs.
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Figure 1: Steps Involved in Sending and Receiving a Frame

The rest of this paper proceeds as follows. The next ségely. When sending frames, the host application and OS
tion describes the operation of network interfaces. Thdinst prepare frames in host memory prior to handing them
Section 3 describes the hardware and software isstethe driver for transmission. In step 1 of Figure 1(a), the
in parallelizing network interface firmware. Section dlevice driver creates one or madoaffer descriptors for
describes the experimental methodology and Sectiore&ch pending frame. A buffer descriptor specifies the host
presents the results. Finally, Section 6 describes relateemory address, length, and flags for a portion of a frame.
work and Section 7 concludes the paper. If a packet is comprised of multiple non-contiguous mem-

ory regions, the device driver creates multiple buffer de-

scriptors. After preparing buffer descriptors for a peigdin
2 Network Interfaces frame, the device driver then writes to a memory-mapped

location on the NIC that indicates new buffer descriptors
A network server’s host operating system (OS) uses #ge available, in step 2. The firmware notices this up-
network interface card (NIC) to send and receive padtate and then initiates one or more direct memory access
ets. On a programmable NIC, firmware running on one (MA) transfers to retrieve the descriptors in step 3. In
more programmable processors must manage all interstep 4, the firmware inspects the buffer descriptors and ini-
tions with the OS. These interactions include transmittinigites one or more DMA transfers to move the frame data
frames that the OS has queued for transmission, cofrym host memory into the NIC'’s transmit buffer. When
ing received frames into the operating system’s memahe data transfer completes, the firmware directs the NIC's
buffers, and notifying the OS when such interactions hameedium access control (MAC) unit to transfer the frame
been completed. The NIC firmware is responsible for step 5. Finally, in step 6, the firmware notifies the host
directing I/O operations by managing dedicated onboad$ that the frame has been sent, possibly by interrupting
I/O hardware that efficiently transfers data between thee host CPU.
network and NIC memory, and between NIC memory andReceiving frames is analogous to sending them, but

host memory. Because NIC I/O operations can expafie device driver must also pre-allocate a pool of main-
ence latencies that last thousands of cycles, NIC firmwag@mory buffers for arriving packets. The notification and
breaks up requests to transmit and receive frames into Sq¥fer-descriptor retrieval process for preallocateciee
eral processing steps. Each processing step is triggesgflers happens just as in the send case, following steps
by an event that indicates a high latency operation ini!ﬂ'through 3 of Figure 1(a). Figure 1(b) depicts the pro-
ated by the previous processing step has completed. Thigs of receiving a frame after preallocted buffers have
allows the firmware to start long-latency operations, Cogrrived at the NIC. In step 1, a frame arrives via the MAC
tinue processing other steps, and then pick up executigiit into local NIC memory, and the MAC unit notifies
again later after long-latency /O requests have complet@e firmware. The firmware then initiates a DMA trans-
fer of the packet into a preallocated host memory buffer
2.1 Network Interface Processing Steps in s_tep 2._ In step 3, the firmware produces a buffer de-
scriptor with the resulting host address and length of the
Figures 1(a) and(b) depict the host and firmware interaeceived frame and then initiates a DMA transfer of that
tions necessary for sending and receiving frames, respaaffer descriptor to host memory. Finally, in step 4, the



firmware notifies the host’s device driver that a new frameThe decomposition of the steps in Figure 1 into
has arrived, typically via interrupt. The device driver magvents and corresponding event handlers facilitates ef-
then check the number of unused receive buffers, alloctitdent firmware execution and avoids excessive stalling
more, and notify the NIC. while high-latency I/O operations are pending. For exam-
ple, after enqueuing buffer descriptors to be fetched via
the NIC's DMA interface in step 3 of Figure 1(a), the
2.2 TheEvent Model f et ch_send_bds handler returns to the central event-

) , ) . _.processing loop, where any other pending event can then
Network_ mterfacg firmware carries out the.steps in Fige processed, such as an update to a memory-mapped NIC
ure 1 using a series of event handlers. As in other eveisation (via therai | box handler). NIC firmware prior-
driven software, the NIC firmware associates an evgfijos events according to type, ensuring that high-giori
handler function with each type of event that may need{gents will have precedence over low-priority ones. This
be processed; when an event arrives, the firmware’s Cgfgyitization is important to avoid exhausting finite NIC

tral processing loop inspects the event type and then Qissoyrces (such as the NIC's receive buffer) when several
patches the associated event handler to process that tYBEs of events are pending.

of event. The event types in NIC firmware correspond to

the completion of low-level hardware 1/0O events and of

higher-level software events. The steps in Figure 1 ar8a Par alldization Schemes
combination of low-level and high-level events.

For example, when any memory-mapped NIC locatiafhe goal of any software parallelization scheme is to
is written by the host, thewmi | box handler is invoked. improve application performance by executing separate
This corresponds to step 2 of Figure 1(a). However, dearts of the application concurrently. Instruction-phdal
pending on the type of memory-mapped location writtesthemes leave the control flow of the original application
(that is, either transmit or receive), thai | box handler intact, seeking out independentinstructions along the con
will mark a different type of software event as pendingrol path that can be executed concurrently. Rather than
For instance, if the host has indicated that more framgasrallelizing about individual instructions, thread-gléel
are ready to be sent (as in step 2 of Figure 1(a)), therthemes treat threads as the fundamental unit of concur-
thermai | box handler will mark thef et ch_send_bds rency; consequently, applications must be carefully orga-
event as pending. Upon return to the central evemized into separate threads to achieve concurrency in a
processing loop, théet ch_send_bds handler will be thread-parallel system.
invoked, which will enqueue a DMA read request for the Thread-parallel schemes rely on multiprocessor or mul-
corresponding send buffer descriptors to the NIC's DM#threaded hardware to improve performance, whereas
hardware; this enqueue operation implements step 3imgdtruction-parallel schemes require a processor thatis ¢
Figure 1(a). pable of executing more than one independent instruction

Just as memory-mapped I/O writes trigger the genedta time. Multiprocessor systems tend to have increased
mai | box event whose handler must decide what furthperformance at the price of increased memory system
processing is necessary according to the type of locatemd communication complexity. Similarly, superscalar in-
being written, the completion of DMA read operationstruction parallel processors increase performance at the
trigger the generiddma_r ead_conpl et e event. The price of increased instruction control logic over compa-
drma_r ead_conpl et e handler then inspects the type ofable VLIW architectures. VLIW instruction-parallel ar-
DMA that has completed. If the completed DMA is a senchitectures eliminate some of the control logic by relying
buffer descriptor, then théet ch_f rane_dat a event on an intelligent compiler to find independent operations
will be marked as pending by tlthra_r ead_conpl et e and group them together into a single instruction word, or
handler so that the data corresponding to the buffer demndle.
scriptors will, in turn, be fetched. This occurrence would The network interface firmware used in this study is
correspond to step 4 of Figure 1(a). If, on the othémne type of workload typically parallelized across mukipl
hand, the DMA that has completed is of frame data, tipeocessors at the frame or task level, as will be described
dma_r ead_conpl et e handler immediately directs thein Section 3.1. Event handlers that dominate program
NIC’s medium access interface to transmit the data, whialmtime, as described in Section 2, tend to have rather
corresponds to step 5 of Figure 1(a). As with the stepsamall static and dynamic instruction counts. Handlers typ-
Figure 1(a), the steps in Figure 1(b) also decompose intally average about 95 static instructions and 217 dynam-
a series of events and event handlers. ically executed instructions, many of which are broken



up over multiple short basic blocks in the code schedssociated with a set of frames which need processing.

ule. VLIW architectures have typically been avoided i80, the same event may be pending multiple times for

this domain because of these short handlers with numdifferent sets of frames. Willmana al. introduced a

ous basic blocks. This section examines both thread-lefraine-parallel firmware organization and corresponding

and instruction-level approaches to exploiting parafali architecture that uses a software-managed distributkd tas

in NIC firmware. gueue through which events are associated with specific
frames [14].

3.1 Thread-Leve Parallelism

N _ _ 3.2 Instruction-Level Parallelization
As described in Section 2.2, NIC firmware events may be

triggered either by an I/O occurrence, such as completignIW style architectures have traditionally been used in
of a DMA read, or by another software event handler agmmbedded systems for media processing and numerically
mechanism for implementing software interrupts. Thefigtensive computing workloads, such as the Texas Instru-
are two thread-parallel approaches to parallelizing evenénts C6x series digital signal processors, and Philips
handler execution. Task-level parallelism treats the evamimedia media processors [8, 12]. In order to eval-
handlers themselves as the fundamental unit of concuste the effectiveness of VLIW style architectures on
rency. However, frame-level parallelism treats per-franigsk-based embedded-systems workloads, this study ex-
operations as independent, regardless of the event hanagligines the amount of instruction-level parallelism in the
that must be executed to perform that operation. event-based, frame-parallel firmware described in the pre-
Task-parallel firmware allows handlers of differentious section. This evaluation was performed via an
types to execute concurrently; each thread can executeline assembly—to—assembly instruction scheduler that
unprocessed event as it happens. Static handler assigkes as input an assembly listing of the firmware as com-
ment avoids synchronization among threads. In suchiked for the single issue MIPS R4000-based uniproces-
organization, each handler type is statically assignedsir programmable NIC, and performs a VLIW instruc-
a specific thread running on a specific processor. Stdtan schedule for a user specified target VLIW architec-
assignment combined with a jump-table organization farre that supports the MIPS R4000 instruction set. In
the event handlers leads to a highly efficient firmware dhis study, the number of integer ALUs (arithmetic logic
ganization. In previous work, Kinat al. examined and units), load/store and branch units in the target VLIW
profiled task-parallel NIC firmware and found that just processor’'s execute stage were varied and the quality of
few handlers dominate execution time, which would ledbde instruction schedule was observed. More specifically,
to load imbalances and scalability limitations with morfor various VLIW instruction bundle sizes and configu-
than three threads [5]. Furthermore, the results from thations, VLIW instruction bundle utilization verses NOP
study indicate that dynamic assignment would not alleiro operation machine instruction) slots is observed. Note
ate the load imbalance and scalability problem. Profilinilgat no floating point units are included in this study as the
information shows that just a few software handlers dorfirmware analyzed does not include any floating point op-
inate the progam execution time. Because task-paraéedtions.
firmware only allows one instance of a specific handler For each configuration, the instruction scheduler at-
type to execute at atime, additional handler threads wotdgnpts to pack the instructions within a given basic block
remain idle while the threads executing dominant handléfigso VLIW bundles of a given size. VLIW bundles
would be a bottleneck. can contain multiple instructions that execute in paral-
Frame-parallel firmware eliminates this scalability limlel within a given clock cycle, or in the instance of no
itation by building upon the observation that frame pravailable instructions to schedule, NOP instructions are
cessing for separate frames should be allowed to proceezrted into a given bundle which do not perform any
independently and concurrently. Thus, a frame-paraliedeful computation. No intra—block instruction hoistisg i
organization aims to enable higher levels of concurrenggrformed, and the original one clock cycle branch delay
by facilitating parallel execution of multiple instancefs cslot of the MIPS R4000 processor is preserved. It should
the same handler type. Such an organization requireslso be noted that since is this is a binary—to—binary op-
more sophisticated event delivery mechanism than tasikaization, all original register to register dependences
parallel firmware. In task-parallel firmware, it is sufwithin the original input application are preserved. Tisat i
ficient to indicate only that a particular event is pende say, false dependences between source and destination
ing. In frame-parallel firmware, each event must also bgerands of instructions in the input binary create a pes-



simistic estimate on the amount of ILP (instruction lev&/LIW schedule can retire one VLIW bundle per cycle;
parallelism) that can be found for the VLIW instructiorthe scheduler explicitly inserts no-ops into bundles (Wwhic
schedule. Typically this is something that would be solvede not counted as instructions toward instructions-per-
by building SSA (static single assignment) form using tteycle calculations) when no independent source instruc-
input binary. Or, in the case of intra—block instructiotions are available. VLIW architectures typically require
scheduling using def-use chains for dependence analysae NOP instructions than a conventional single-issue
in the case that multiple live ranges occupy the same regehitecture. However, the impact of this increase in code
ister within a basic block. Due to the non—numericallsize can easily be minimized with well-known instruction
intensive nature of the input code, however, rarely ispacking techniques [8].
the case that the compiler schedules multiple disjoint live
ranges into the same register.

5 Results

4 Methodology Tables 1 and 2 show the performance, in terms of frames
processed per thousand cycles and total IPC (instructions
The thread-level and instruction-level parallelizatiqnt aper clock cycle), for various VLIW and multiprocessor
proaches described in Section 3 are evaluated usingrganizations. For each configuration, the number of pro-
combination of simulation and offline analysis of exesessors, the combined issue width of all the processors,
cution behavior. Architectures featuring parallel MIP8nd the number of each type of unit is given. All configu-
R4000 processor cores are evaluated using the Spingatfons use in-order, five stage, pipelined MIPS processors
simulator framework. Spinach is a library for the Libertyith perfect memory systems.
Simulation Environment that models the various compo-The VLIW implementations presented in Table 1
nents common to programmable embedded systems aokieve significant increases in performance over the sin-
network interfaces; a Spinach model of the Tigon-II prafe issue uniprocessor base case (shown in the first row of
grammable NIC has been validated against its hardwdeable 2). The first row of Table 1 shows that even moder-
counterpart [11, 13]. Spinach simulator modules includge VLIW pipeline widths exploit instruction-level paral-
cycle-accurate memory controllers, cache controllers, Balism by allowing load/store instructions to occur in par-
arbiters, DMA and Ethernet interfaces, a 5-stage MIRflel with integer computation instructions. As additibna
R4000 processor core, and a network interface test hateger ALUs are added to the VLIW pipeline, additional
ness. Spinach network interface simulators are expresksdl/store units are necessary to supply data to these inte-
as a hierarchical configuration of these modules. Threagr ALUs.
level parallel organizations are evaluated on a SpinaclThe high IPC of the wider cores goes against the com-
model of the scalable 10 Gigabit Ethernet architectumgon wisdom that short, control-intensive event handlers
introduced in [14]. This architecture features paralldb not have much instruction-level parallelism. However,
MIPS R4000 processor cores and executes the frame-léngbractice, an event handler in a network interface fre-
thread-parallel firmware described in Section 3.1 to eguently must process multiple frames each time it is in-
ploit maximum thread scalability. voked. Therefore, the main loop of each event handler can
VLIW configurations are evaluated by first reefficiently be scheduled for a VLIW machine, exploiting
scheduling the assembly code for the same frame-lesignificant amounts of parallelism. Smaller basic blocks
thread-parallel firmware. The MIPS R4000 assembbutside of these loops with low levels of instruction-level
code is re-scheduled at the basic-block level accordinga@rallelism, which are quite common in the firmware, do
each pipeline configuration examined. For this evaluatiargt account for the dominant portions of program runtime.
a perfect memory system is assumed. Each basic blddoking at the data in Table 1, there is an increase in IPC
is then weighted according to how frequently it executeser the basic single-issue uniprocessor implementation
in a uniprocessor configuration of the simulator describad more integer ALUs and load-store units are added to
above. The resultant execution profile yields a speeding pipeline. A maximum IPC of 1.67 is achieved with an
of the overall firmware executable based on how well thesue width of 9 instructions, at which point the amount of
VLIW schedule compresses the source MIPS R4000 instruction-level parallelism within the basic blocks et
structions into VLIW bundles. This speedup is used twriginal assembly code is exhausted. Therefore, adding
calculate how much faster a given VLIW configuratiofunctional units or load-store bandwidth to the processor
can perform NIC processing and how many cycles go@eline beyond the 9-wide configuration yields little per-
necessary to process one packet. It is assumed thatftimance improvements.



Number of Total Integer | Load/Store | Branch Frames per

Processors | IssueWdth | Units Units Units | Thousand Cycle | IPC
1 3 1 1 1 3.71 1.19
1 4 2 1 1 4.20 1.35
1 6 2 3 1 4.97 1.60
1 7 3 3 1 5.15 1.65
1 9 4 4 1 5.20 1.67
1 11 5 5 1 5.23 1.67
1 13 6 6 1 5.23 1.67

Table 1: VLIW Width vs. Kilo—Cycles per Bundle in Instructid®arallel Implementation

Number of Total Integer | Load/Store | Branch Frames per

Processors | IssueWdth | Units Units Units | Thousand Cycle | IPC
1 1 1 1 1 2.64 0.69
2 2 2 2 2 5.59 1.34
4 4 4 4 4 10.37 2.62
6 6 6 6 6 11.61 3.87

Table 2: Number of Processors vs Kilo-Cycles per Packet ineddi-Parallel Implementation

Table 2 shows that there is also abundant thread-lewej a three-integer-unit, three-load/store-unit unigsc
parallelism in network interface firmware. As the nunsor VLIW configuration with an IPC of 1.65, the VLIW
ber of cores is increased, there is almost a linear increasehitecture is able to perform comparably to a two-way
in IPC, which leads to dramatic increases in frames piirwead-parallel implementation by exploiting instructio
cessed per thousand cycles. However, there are dinm@vel parallelism previously thought to be unavailable.
ishing returns with more than four processors. At thahat is to say the VLIW architecture is able to ex-
point, the performance levels out because of overheaddraet enough intra-thread instruction level parallelism t
lated to providing in-order frame delivery. The firmwarachieve comparable IPC rates to the multiprocessor im-
must keep track of the original order of each frame and ddementation, which is exploiting inter-thread instrocti
liver it to the network or host in that order. Furthermordevel parallelism only. Finally, the most aggressive VLIW
this leads to event dispatch and synchronization overheschedule in Table 1 achieves greater IPC than the two
whereby multiple processors are contending for shanedy multiprocessor thread-parallel implementation. This
locks in the system and spending less time doing useprimarily due to the fact that there is zero synchroniza-
ful computation. As more processors are used and méon for a single VLIW core-based implementation thus
frame parallelism is exploited, synchronization overteeatihe ALUs within the VLIW processor do not waste idle
among the threads increase as contention for accessine polling synchronization registers like the cores in
shared global resources (such as the DMA and MAC intéine multiprocessor implementation. However, the data
faces) increase. The result is more threads and procesosughput rates for the two-way multiprocessor thread-
executing in parallel, but each thread performing less aparallel implementation are slightly higher than that & th
less useful work due to time spent contending for sharewbst aggressive VLIW schedule. This is due to the VLIW
resources. based implementation only extracting parallelism within

. . agiven basic block in a given thread. While the IPC is
When comparing the results of the two organlzatlorﬁgher for this VLIW configuration, only one thread exe-

there are se\_/era_\l mt_erestmg things to note. First, th_e b%ﬁtes at a time. Data transfers in the system are performed
VLIW organization in Table 1 outperforms the uniprop g cpy programmed 1/0 operations, but rather via
cessor o(;ganlzaur:)n f'n Taftl)le ZH 'Lh|s apparent d'sqre&ternal DMA engines that are controlled by the thread
ancy 1S ue”to t E act td at the asﬁ_VLIW organizgangiers. Since thread handlers control the DMA engine
tion is actually al t E;e'w' € VLIW ar(l; |tec:]ure _(one "Npehavior, the lack of multiple threads executing concur-
teger unit, one foa store_ unit, one ranc ur_ut) as OII%'ntIyIimits the amount of data throughput the system can
posed to a single-issue uniprocessor configuration thereiyieve despite an increase in overall IPC. The fact that

permitting a h_igher mgximgm IPC limit due 0 MOrgy\ A hased data transfers decouple CPU performance
available functional units within the system. When us-



from total data throughput is why the thread parallel intioning is not scalable beyond approximately three pro-
plementation, despite having a lower total IPC than tleessors due to load balancing constraints. In [14], frame
most aggressive VLIW implementation, still achieves @rocessing was dynamically partitioned to overcome this
higher data throughput rate. limitation. By enabling the same task to execute in par-
This is because the thread-parallel organization can edlel with itself to process different sets of frames, such
ploit higher levels of data throughput parallelism when aan organization can efficiently achieve 10 Gb/s line rates.
cessing the onboard I/0 hardware due to multiple threddsoth of these studies, however, only single-issue cores
and handlers executing concurrently. While the most agere considered, thereby ignoring any potential opportu-
gressive VLIW implementation achieves a slightly highanities to exploit instruction-level parallelism for impred
IPC, only intra-thread parallelism is exploited, and thyzerformance.
parallelism between threads in the system can not be exShivam, et al. have also implemented a parallelized
tracted. version of their own Ethernet Message Passing (EMP)
protocol on the Tigon-11 [10]. EMP is a specialized mes-
sage passing protocol for clusters, designed to provide a
6 Related Work low latency and high bandwidth message passing system
that is based on user-level access to Gigabit Ethernet [9].
Network processors (NPs) make significant use of parghe parallelization scheme for EMP statically partitions
lel processing to accomplish network routing tasks. TlRgnd and receive processing, somewhat similarly to the
two dominant parallelization approaches utilized by Nﬁ?ﬁrtitioning scheme described in [5] However, they em-
are pipelined and threaded execution [2, 3]. Howevejirically pick a partition of major functional components
such concurrency models are poorly suited to NIC pramong a few different partitions based on their experi-
cessing, because NICs experience much larger latengiRghtal results, rather than deriving a partition that bal-
than those experienced during NP execution. These lagges load and minimizes synchronization using profiles
host-to-NIC latencies lead to several hundred frames Rg-well as careful analysis of hardware and data sharing.
ing in flight at any given time [14]. A purely threaded There have also been several studies that show network-
model would have to support hundreds of concurrent Cqﬁg performance can be increased by para”e“zing net-
texts, while a plpellned model would eXperience eXtre%rk protoco|s on genera]-purpose mu|tiprocessor oper-
load imbalances among stages. For example, Mackgfing systems [1, 4, 7]. Such parallelization schemes ex-
zie et al. found such mismatches when using the Iyjoit concurrency at various levels, such as across packets
tel IXP network processor for network interface procesgrotocol layers, and connections. Parallel network proto-
ing [6]. Their system used an Intel IXP 1200 operating gb| processing deals with the layers above the network
232 MHz and used about 40% of its processing powgferface, so such schemes are orthogonal to the network

to achieve 400 Mb/s of peak throughput, suggestingifierface parallelization strategies discussed in thiepa
peak throughput of 1 Gb/s. Though the IXP 1200 fea-

tures six multithreaded cores and a StrongARM proces-
sor, the much older Tigon-Il programmable NIC achievéd  Conclusions
Gigabit speeds with only two simple 88 MHz cores. This
suggests that network processor-based solutions are Tieg event-driven firmware of modern network interfaces
as efficient at handling a network interface workload &sxhibits multiple levels of parallelism. Despite the fact
a system designed explicitly as a network interface cahat event handlers are short and control-intensive, ikere
troller. Furthermore, the multi-gigahertz cores found istill a significant amount of instruction-level parall@fis
router line cards dissipate far more power than is allowadailable. In fact, a 7-wide VLIW processor with three
or practical for a PCI card in a network server. integer units and three load/store units achieves an IPC of
Previous work by the authors has explored alterndtes5. This results in a 39% increase in frame throughput
parallelization strategies for multi-core network intemver a base 3-wide VLIW organization, to 5.15 frames
faces [5, 14]. In [5], a static task partitioning was used fmer thousand cycles. This is comparable to a two pro-
exploit the two processing cores of the Tigon-1l networkessor thread-parallel organization, which achieves 5.59
interface architecture; the performance results predentiames per thousand cycles. However, multiprocessor or-
in that work show that parallelized Ethernet firmware caganizations scale to much greater levels of parallelism by
improve the throughput of standard IP-based protocaldowing event handlers to process frames concurrently.
and applications to levels comparable to modern ASIEer example, a six processor thread-parallel organization
based network interfaces. However, such a static padan process 11.61 frames per thousand cycles. One of



the major advantages of the thread-parallel organizagionj5] H. Kim, V. S. Pai, and S. Rixner. Exploiting Task-
it's ability to exploit higher levels of memory parallelism
by utilizing onboard I/0O hardware in parallel. Whereas
the thread-parallel organization enables separate thread
to access the MAC and DMA hardware simultaneously
via a memory-mapped interface, the VLIW organization

within a single basic block in a single thread.

While the

instruction- and thread-parallel NIC

firmware parallelization schemes have been addressed

independently in this work, these two approaches ar,

not mutually exclusive. Both approaches have points of
diminishing returns. Where additional multiprocessing
might be infeasible or ineffective, NIC designers should
consider VLIW architectures for additional performance.
Additionally, VLIW-style architectures cannot attain
performance gains on par with thread-parallel implemeri8]
tations by exploiting instruction-level parallelism a&n

but can achieve intra thread performance improvements
that traditional in-order processors cannot due to the'trg]
single issue pipeline structure. While single issue mul*
ticore systems provide unmatched benefits, this work
suggests multicore VLIW systems whereby intra thread
instruction-level parallelism is exploited at the VLIW
level, while task and frame level parallelism is exploited

at the thread and processor core level.

[10]
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