Model-T: Rethinking the OS for terabit speeds

Willem de Bruijn Herbert Bos
Vrije Universiteit Amsterdam Vrije Universiteit Amsterdam
wdb@few.vu.nl herbertb@cs.vu.nl

Abstract—This paper presents Model-T, an OS network stack memory at 10 Gbps, but in practib@ndlingsuch data on the
designed to scale to terabit rates through pipelined execution of host is almost impossible, mainly because memory access is
micro operations. Model-T parallelizes execution on multicore so slow.

chips and enforces lockstep processing to maximize shared L2 . .

data cache (d-cache) hitrate. Executing all operations without The.common technique Of_Wa't'ng for_proc_essors_ to l_)ecome

hitting main memory more than once (|f at a||) is the key design faster is therefore not a solution and neither is the intctidn

principle behind Model-T. of specialized network processing logic. As network preees
We show a prototype implementation that indeed handles jng is a memory bound task it is imperative to improve mem-

terabit rate network traffic when accessing only the L2 cache ory bandwidth or use the memory hierarchy more efficiently.

and processing only headers. Additionally, we present a more . .
practical implementation of Model-T that is under development Memory bandwidth continues to grow slower than network

for Linux 2.6. Finally, we introduce an affordable test infrastruc- Speeds and latency is even worse (recent peak bandwidth
ture based on general purpose graphics processor computation increases are achieved through aggressive prefetchingeat t

(GPGPU) that can replay network streams at PCI Express cost of latency). As alternative, we propose architect@al
saturation rates (up to 128 Gbps), to benchmark Model-T and changes to increase memory accefficiency
similar research network stacks. L S
Current OS design is founded on principles that are funda-
. INTRODUCTION mentally at odds with high-speed I/O. OS design principles

While achievable networking speeds are approaching th€m from an age when I/O was the slowest part of the
terabit range, operating systems are sorely trailing, aed #Yystem and data copying and per-block signaling did not
still clearing the bottlenecks to handle 10Gbps interfavds affect performance. With today's constrained memory sys-
posit that the current direction of incremental OS changes!®M. memory copying has become the principal bottleneck.
the real obstruction and present a radically different OSgae  Another mismatch lies in scheduling, which looks only at
We will show that this design is not only likely capable ofomputational efficiency. To reach high system I/O rated)CP
processing at these speeds in principle, we will demorestratilization is simply the wrong scheduling metric as it ail
near terabit speed processing on a common laptop. to take into account task switching overhead and memory

Terabit processing is not as far off as networking standarfigs contention [1]. The arrival of multicore architectucesy
indicate: 1/0 buses capable of these speeds are on the mafR@cerbates contention. So far, scaling (near) linearih wi
already, even on consumer-grade devices: the Nvidia GeFof¢imber of cores has proven unsuccessful. Lock-contention
8800 Ultra has an official peak memory bandwidth of 830N shared structures, cache-inefficiency and non-unifoerd-|
Gbps. The Cell is an 8-way device with 200 Gbps sustain€@lancing (e.g., using a hash over TCP connection state) are
throughputper node connected to a dual transport ring. Thdéhe main causes.

Cell does not scale to 1.6Thps aggregate throughput only Contribution

because the shared memory controller is also limited to 200

Gbps. This bottleneck is not coincidental, but represamtat Ve present Model-T: a network stack that has as sole aim
of the field at large. In this paper we limit our attention te tht0 maximize I/O throughput and which is therefore targeted
predominant x86-64 multicore architecture with a shared (8 networked machines, both within the network (routers)

cache and its likely extensions. and at the edges (servers). We redesigned the stack from
o the ground up to match the computer architecture of today.
A. Motivation Specifically, we exploit multilevel memory hierarchies and

The main physical obstruction to terabit networking is theulticore processors. Also, we engineer for the hardware
memory system. Firstly, peak bandwidth is restricted, vaith development trend from multicore t@)(manycore [2] (more
current top of 200 Ghps peak rate. More importantly, susthinthan 8 cores),l) performance asymmetric cores [3] (different
practical rates are substantially lower as traffic must flounplementations of the same instruction set architectare,
(at least) twice across the bus and bus contention IImiSA) and €) heterogeneous multicores (CPUs mixed with
prefetching and burst mode effectiveness. Case in poithieis specialized cores for graphics, multimedia, networkingl an
fact that few systems are capable of processing data ateM@n FPGASs, such as the Cell "Broadband Engine” or the
Gbps (sustained). Some network interface cards (NICsp, 1ik86-64 based AMD Fusion). Our focus on /O optimization
the DAGS8.1X cards, have hardware support to push dataeoables radical solutions such as shutting off cores toeptev
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working-set thrashing and using cores solely as prefegchin
machines to feed the cache. Before explaining how Model-Tcessing

exploits caching and multicores, we first explain how thess - -

affeCt I/O rizr:::g\y - l:...‘\ =
If memory is the main bottleneck in network processing, S . O E— a—

then operating directly from the d-cache is the only shemtat B 12 cache: ouced assembly fne wingow

viable strategy for reaching terabit speeds. We must sbhale t I—{l < g =§}>|

combined system-wide working set to fit in the most critical DRAM: packet assembly line

cache level (predominantly L2 [4]) to bypass the memory
bottleneck. Cache-aware scheduling is receiving intesést
the arrival of multicore architectures [5]-[7]. So far, sbns intrusion prevention system on top of the 9-core heterogese
are computation-centric and deal with issues such as &sErnéntel 1XP2400 network processor. Here, too, memory access
and random access. Network processing is a single task @ndved to be the main bottleneck [9].

therefore does not need to take into account fairness. MoreThis paper builds on our previous work in high-speed

over, an /O centric scheduler should take into account th® transport (Beltway Buffers [10]) and composite 1/O

largely sequential data access pattern of network prowgsi  stacks (FFPF and its actively maintained descendant Stream

scheduled optimally, co-scheduled network operationgs&cline! [11]) and draws from our experience designing high-

the same packet so that no packet needs to be fetched intogeformance networking stacks on Intel 1XP1200 [12] and

cache more than once. IXP2400 [9] network processors, but the complete architect
Transparent caching complicates cache-optimization. Theémains a work in progress. Specifically, throughput-dgen

simplified memory management improves base applicatigBheduling is lacking. As an indication of performance, we

performance without development effort, but frustratderef present the results of a more limited prototype stack alidegs

to reach truly high performance. To achieve terabit rates w@rtial results obtained from the practical system.

want to make sure that everything fits nicely into the cache.The contribution of this paper is that it presents an archi-

Lack of explicit cache control renders working-set tuningacture Model-T, for OS network processing that
non-obvious. To resolve the issue Intel recently introduce

“Direct Cache Access” (DCA), a memory bus hint that enables
peripheral devices to directly push data into the shared L2
CPU cache. DCA makes it theoretically possible to compjetel
bypass the constrained main memory system, but requires
software support.

Scaling the combined working-set to cache size is one Ieg?’)
of the task, the other is to co-schedule network operations i
such a way that their working-sets overlap. Existing nekwor
processing is built from very coarse-grain tasks, commonlyIn the next Section (Section Il) we introduce the two
a bottom-half and an application process. Additionallyneo architectural features underlying our system. Then, in- Sec
munication between the two is heavyweight as illustratdtpn Ill, we show initial results of the new architecture ngia
by POSIX-imposed copy semantics and per-packet synchpsototype stack. In Section IV we show how the two features
nization. As a result, it is infeasible that such a stack ca&an be incorporated into a real OS by reusing Beltway and
consistently overlap working-set sizes to optimize d-eaclBtreamline. In Section V we present a test-infrastructore f
hitrate. Nor can it execute any parallelization strategy biylodel-T that can replay network traffic at speeds only limite
packet- or connection-based distribution, both of whichlec by the system bus and memory system (as opposed to a

Fig. 1. The Model-T architecture

1) increases /O throughput by overlapping working-sets
and scaling the combined set to d-cache size;

2) increases core scalability by breaking up the stack into

many small operations and scheduling these operations

in parallel; and

incorporates asymmetric and heterogeneous cores by

combining operation implementations for different ISAs

into the same application

poorly for certain traffic types [8]. physical link layer). We draw conclusions in Section VII.
The stack can be spread across multicore architectures more
efficiently if the tasks are broken up into smaller operagjon [l. ARCHITECTURE

because such items can be co-scheduled to increase cache-

efficiency. Spreading 1/0 over multiprocessors in this neann To achieve our goals we modify network stack design in two
is hardly new. The CDC6600 barrel processor in the mid 1960gdamental ways: by (1) replacing coarse-grain tasks with
solved the inverse of the problem we are facing today. The) assembly lineof smaller operations that can be trivially
the CPU was slower than memory and 1/O slower still. Thexecuted concurrently and by (2) introducing a throughput-
designers’ solution was to have 10 peripheral processats tAriented scheduler that indeed executes operations iflglara
waited for I/O out-of-band, to allow a simpler CPU that ra@nd in lockstep to maximize cache hitrate. Figure 1 shows the
at a higher speed. Heterogeneous multicores are still comnfgsultant architecture; we will now discuss each of the two
in selective domains — notably in network processing — btgchniques individually.

now the difficulty lies in maximizing memory throughput. In

previous work we implemented a Gigabit payload-inspecting!Sourcecode for Linux 2.6 is available from http:/netsiéae.org/



A. Assembly line processing as possible across as many nodes as available at the same

First, we replace the common model of having few coarsime. When operating in lockstep, this in turn increases d-
grained tasks with one built from many smaller processirE?Che hit-rate, as more operations are accessing the same
steps. Thes@perationsare not independent. Each operatiofata concurrently. A decrease in task granularity commonly
executes a single step in the network stack, such as IP defr ds to an increase in communication overhead, in the form
mentation, TCP port routing or HTTP gzip decompressiof! copying, task switching and cache conflicts. Clearly, we
For each packet, a stack of operations must be executed, §pnot endure extra overhead when scaling to terabit raies.
the most part in strict ordegs an assembly line circumvent these problems through hierarchical schegulin

We named the architecture after the best-known example'ihgtead of scheduling operations as first class hardwaks,tas
assembly line manufacturing: the Ford Model-T automobil¥/e schedule operatiarontainer tasksThese, in turn, schedule
In a physical assembly line, a complex manufacturing pcedPerations without providing isolation. This layering al&
is broken into very small operations. Dedicated workerheaprotection overhead, such as saving registers or flushiag th
perform only one operation. The manufactured product movésB. when switching between operations. This weakens isola
between the workers, to minimize transport delay. As a tesuion, but as all operations are part of the same stack haedwar
workers only have a fixed, limited time to perform theienforced isolation is unnecessary. In Model-T, we impletmen
operation. As the line moves forward at a fixed rate, maximAierarchical scheduling by having containers run Streaeli
throughput is defined by the slowest worker. an I/O stack that connects operations through 1/O streams,

Model-T applies the assembly line principle to network prosimilar to Unix pipes. We introduce Streamline in more detai
cessing. Here, too, we set out to maximize global throughpiit Section IV-A. For now it suffices to say that operation
Designing the system around a fixed-rate conveyor belt mat@d stream control, including heterogeneous issues, kee ta
bottlenecks stand out. Just as Ford could move employ&@€ of. Model-T extends Streamline with runtime operation
among tasks to remove local bottlenecks, so can we increas&¢gration between cores based on throughput and with a
decrease the amount of resources spent on a given operatigheduling component that replaces interrupt-based gsowe
Like the physical line, Model-T is not clocked, but movedith the proposedsuperscalar pipelined architecture
as fast as its slowest link. We must move operations closer'© maximize cache hitrate, container tasks are scheduled
together if doing so improves locality of reference (caclie hWith long timeslices. This is a departure from interrupseéea
rate!) and space them further apart across cores to rem&¢&WOrk processing. In that model, (hardware) task swighi
computational bottlenecks if they arise and to increasalparmay be frequent, which not only causes a high direct swigchin
lelization. cost, but also an indirect cost in terms of cache-pollutitme

Pipelined processing causes predictable cache behawor./@gical extreme of long timeslices is dedicating cores Igole
we explained in the introduction, lack of cache control if? network processing [13]. On dual core machines, this fits
CPUs was one difficulty in reaching high I/O rates. By givind"ith the split bottom half/userspace stack. It is less cleaw
exclusive access to the L2 cache to the highly paralleliz€4Ch @ configuration scales as we add cores.
pipeline, we minimize cache contention with other applica- Hllerarc.hlcal scheduling limits task-switching overheé&al;
tions. By running the operations in lockstep, we also avoRFhieve h|gh_ rates we must also limit the other two sources of
contention between packets. communication overhead: copying and poor cache utilinatio

Besides improved d-cache utilization and trivial scaigpil Both are trivially evaded by ensuring that every block of
a design based on many loosely coupled operations ha§'@mory Is loaded into the L2 cache only once. The pipelined
third benefit: it enables transparent cooperation of ressur archltecFure enables.predictable cache fill-rate andcstati
with disparate Instruction Set Architectures (ISA). Model Scheduling of operations that access the same block. Opera-
can therefore combine, say, an x86 control processor andtQqs need not béully synchronized (e.g., operation A may
IXP coprocesser ([Engine’) into the same application. AllWork on packet 1, while operation B works on packet 2), as
these strong points are moot, if operations are not scheduTEOdem L2 cache sizes may hold multiple packets at the same
effectively. We now move to the discussion of the schedulli€. Because network processing is a largely sequenshl ta

in Model-T. cache predictability is not affected by loosening conatsai
_ When operations run too far out of sync, the scheduler must
B. Scheduling for throughput intervene. It has two methods at its disposal: (1) pricatian

In computer system I/O the throughput of an individuadf operation call sequences within each container to remove
operation is greatly affected by its “co-runners”: the @iens bottlenecks (and thus queuing) within the container and (2)
or applications executed concurrently on another core. Thecan initiate operation migration to another core. Beeaus
main sources of contention are cache conflicts and the memopgrations are interdependent, migration is limited to eaov
bus bottleneck [1]. In Model-T, we aim to reduce contentioment between the cores running the predecessor and successo
through effective operation co-scheduling. operations or to an idle core.

Operations are individually schedulable entities. An in- The Model-T scheduler spreads operations across the the
crease in schedulable entities increases the schedulingnopcomputation fabric according to these rules:
space. We exploit this by scheduling as many operations 1 Container timeslices are maximized and only limited by
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A. Filter optimization with Streamline
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1 10 100 1000 10000 100000 1e+06 Streamline replaces monolithic applications with graphs o
Queue length (logscale) small operations connected through streams, similar toc Uni
Fig. 2. Throughput for the prototype stack pipes. It crosscuts the traditional OS layering to integrat

latency constraints (of protocols, other active processB§™Work processing on peripheral devices, in kernelspace

and with respect to overall system responsivenes?,ﬁd within userspace processes. Streamlme handles opera-
selection and allocation across a netwdrk o

This rule minimizes task-switching overhead and cachlon discovery, ! and :
refresh cost. such environments: during discovery it searches through th

2 All related network operations (e.g., the receive pat twork for operation i_mpl_ementations_; during selection i
are scheduled concurrently during the same timeslicg100S€S among competing implementations based on expected

This rule ensures that the executing operations haved!@Pa! throughput; during allocation, finally, it claimsoxéred

high probability of overlapping working sets in the L2"€SOUrCes. _ o o
d-cache. Streamline supports runtime compilation, shipping andecod

3a If there are more operations than cores, some operatidfRding to integrate constrained resources, such as Foes
have to be scheduled sequentially. The pairs of opetIQ-at lack a generic load-store mechanism or preemptivei-mult

tions with the shortest observed completion time will bESKING (such as the IXRREngines). We extended the three
joined recursively (using a container task). step process described above as follows: during discovery

3b Inversely, if there are more cores than operations, core§éamline searches for a compiler as well as for an implemen

are dedicated to memory fetching to minimize memorg;ltion. A compiler substitutes a request for an operatiat wi

delay within the pipeline, or left idle to preserve cach@"€ for an equivalent alternative. If a compiler is found, we
locality of reference. annotate the request and issue a discovery for the alteenati

4 If a queue builds up between two interconnected 0E{_his process is recursive and leads to an exhaustive search
erations, their relative resource utilization is balancedf @l registered compilers. During the allocation phase t

in the manner we just described (call prioritization angompilation steps are actually carried out, to generate the
operation migration). operation implementation on demand.

The two presented features of Streamline — resource selec-
I1l. PROTOTYPE tion and peripheral hardware integration — implement foint

Figure 2 shows throughput obtained with a prototype imiwo and three of our contributions. We observed, however,
plementation on an Intel Core 2 Duo T7300 2 GHz processiat load-time resources selection cannot give firm thrpugh
with 32KB split-level L1 and 4MB unified shared L2 cachesguarantees because it leaves runtime state out of the eguati
The Figure shows throughput for increasingly long pack¥¥e have implemented Streamline as a combination of a Linux
queues for both header processing and full payload acce&nel module, hardware drivers and partial LibC library re
for minimally and maximally (1514B) sized Ethernet frameg?lacement, with as result that Streamline performancerutépe
Essentially, we pull a queue of packets in memory through tR@ the Linux system scheduler. With Model-T we remove this
network stack. We observe that with header-only processifigpendency to increase predictability and replace loaé-ti
terabit network rates are indeed obtainable, as actuakpsec selection with runtime adaptation.
ing then occurs in only one or two cache-lines. Large pack
show higher throughput as fewer packets are processed.
cache effects are clearly visible around 3000 large and @000 A prerequisite for Streamline’s resource selection atpori
small packet queue lengths, which coincides with the 4MB Lig that the algorithm need not worry about implementation

cache. When accessing payload throughput is clearly memo#gtails. Specifically, the algorithm expects that data caw fl
bound. between any two operation implementations, irrespective o

where the two reside (e.g., one in the host kernel and another
IV. I MPLEMENTATION on an IXP). To achieve this we implemented an independent,
The prototype shows that near terabit speeds are wittganeric transport layer, Beltway Buffers, that enabledesys
reach. The question then becomes how to reach these ratewiie 1/0 and minimizes overhead.
a practical system. For Model-T we build on experience devel /O throughput is limited by three factors: copying, corttex
oping the FFPF high-speed packet filter [11], its descendaswtitching and cache misses. Legacy I/O interfaces, such as
Streamline, and Beltway Buffers [10]. Streamline and Bailtw sockets, files and pipes, incur a large penalty by imposing

eE%fZCache-only transport with Beltway



roughly at the same time, a window over data of sufficient
4000 length must be kept. Because the increase in throughput is

5 iigg ]300 & sharp and centers around L2 cache size, we want to stabilize
© 800 scalable sze —— || 3% £ as soon as this increase is observed. Complete convergence t
S 600 scalable rate —=— | ;ggg 2 astable state is not sought, because packet arrival raseasioh
€ 400 static rate x| .00 D flows during execution, as does memory bus contention with
@ 200 L oo 17i000 2 other processes, if any. For these two reasons, both compile
0 ‘ — s00 | time (as performed by Streamlt) and load time (Streamline)
1 2 3 4 5 6 7 8 9 10 optimizations can only give rough estimates on cache fié-ra
resize round and will give less than optimal throughput.

Fig. 3. Effects of working-set scaling on 1/O throughput

. . . . C. Pipelined execution and I/O aware schedulin
copy semantics on their calls and tying their APIs to the P 9

application binary interface (ABI) of the kernel, whichué,s ~ The scheduler greatly affects Beltway throughput, because
in a user/kernel mode transitidor each packet task switching caps caching and context-switch avoidance
Beltway pulls the interfaces above the ABI to remove the&&fectiveness. Computationally oriented schedulers daaie
bottlenecks. A large part of the work, which is outside of th&Uch issues into account. With Model-T we therefore replace
scope of this paper, deals with guaranteeing adequat&idxvla?he default 'system' scheduler with the 1/0 aware replacement
without per-block access control. With this problem out dftroduced in Section II-B.
the way, Beltway can move network packets (or other bIocks)TO achieve predictable cache utilization it is further reece
through the I/0 architecture through shared memory regio$&'y to move to pipelined I/O processing. We replace Stream-
without copy or per-packet switching overhead. Legacy ifn€’s interrupt driven processing with an independentduf

terfaces are implemented as local function calls, as are fik phase. Only when the (cache-adjusted) buffer contains
interfaces to Model-T operations. enough packets to fill the pipeline is the entire I/O task

geheduled at once. The task remains scheduled until either
the buffer has been processed completely or another task’s

regions as discussed above, (2) it integrates other importiftency bounds force preemption. If dedicated resouraes) s
buffers (most notably the disk cache and peripheral devigs @ NIC's DMA engne, contmue_ to fill the bu_ffer !n_the
memory) and (3) it replaces copying with pointer forwardinQaCkground' the pipeline can remain scheduled indefinitely

when instructed to transfer data between buffers, to farthe Maximal obtainable throughput is linearly dependent on the
reduce copy overhead. length of the I/O task’s timeslice as a ratio of the total CPU

Model-T extends Beltway by at runtime scaling buffers to fﬂme aggregated over all COres. For the same total time, we
an choose between scheduling shorter wall time across more

the memory hierarchy of the currently available hardware. AN . . N
ores ("horizontal”) or longer slices on fewer ("vertical

observed when profiling Beltway that throughput can inczea&
veaw proing way Lghpu ! With a system scheduler, neither is explicitly selected and

by orders of magnitude by tuning the buffers. By manuall ) T
tuning we could outperform the standard Linux 2.6.22 neliwo%us operations may be scheduled asynchronously, whiblke s t
orst of all outcomes. Model-T requires horizontal schetipl

stack by about 100%. Figure 3 displays operation of olf o : L ;
y > g plays op Sragmaxmme operation parallelization and thus d-cacheatst

resizablesequential access (i.e., ring) buffer. This buffer has desian leads to a | bufferi h hich i
static memory region, but adapts the amount in use at runti € design leads 1o a Jonger bullering phase, which Inceease
median latency but dampens the effects of bursty traffic.

to maximize locality of reference. It keeps a weighted mgvin
average of the distance between the producer and consumer
and whenever the producer wraps, it compares this value to
a high and low watermark. If the distance is larger than the Lack of affordable high speed network replay hinders OS
high watermark (85% of the ring) and it is not occupying theetwork processing research. Partly to be able to test Model
full memory area, it expands. Conversely, if it drops belboa t T, but also to demonstrate that truly high speeds are indeed
low watermark it temporary reduces the size of the ring. lieasible even with today’s hardware, we are developing a
the example we begin with a maximally sized ring and shopacket generator that replays network traffic at rates ahoge
how it keeps reducing its size (by half). The figure also plott0Gbps NICs at a fraction of the cost, by exploiting gen-
the effects this has on throughput: the function is largely beral purpose programming on low-cost graphics processors
modal, depending on whether the buffer fits in the (512KRGPGPU). In this section, we briefly sketch the generator, to
L2 cache together with the rest of the working set or not. convince the reader that the work described in this paper is
The resizable ring-buffer uses watermarks to guide convéeth timely and urgent.

gence to achieve optimal rate. As the example shows, thisGPUs are well-suited to replay traffic because (1) they are
method does increase throughput, but it does not stabitizecansistently the peripheral devices with the highest l/@ga
the cache size. For a single consumer this is acceptabl@ buand (2) they have a large amount of fast on-board memory. As
the Model-T architecture, where many operations access datresult, they themselves are not the bottleneck duringyepl

Behind these interfaces, Beltway optimizes transfers
follows: (1) it moves all streaming I/O inteshared memory

V. TESTINFRASTRUCTURE



Moreover, compared to network processors or FPGAs they @aoemulticore chips than existing approaches. Through wide
far more widespread — and hence, affordable. scale parallel execution of operations in lockstep, Motel-
We can insert traffic in two modes: either have the CPhhaximizes L2 cache hit-rate. We have presented a prototype
fetch, as is the common case for low-end NICs, or hawmplementation that indeed achieves rates of above onkitera
the GPU stream to main memory. Streaming network tracts header processing and showed that most logic necessary t
from the GPU incurs no performance penalty on the CPithplement Model-T in a real OS is already available (in the
except for the already often mentioned memory bottlenedlerm of Beltway and Streamline). Finally, we complemented
For all practical purposes this makes the replaying GPaur design with a test-framework for very high throughp@ 1/
indistinguishable from high-end programmable networkdcabenchmarking through general purpose GPU programming.
like the IXP or DAG. Because the bandwidth of all elements
on the card exceeds that of either the memory bus or the T. Moscibroda and O. Mutlu, “Memory performance attacksenizl
PCI I_E_xpress Channel' the GPU can Saturate_ the syStem' R% of memory service in multi-core syster)rqs‘,)” Rroceedings of the 16th
of writing, the highest rates PCI Express configuration @PCl  USENIX Security2007.
2.0 x32) tops at 128 Gbps peak rate and the fastest DRAIM! K. Asanovic, R. Bodik, B. C. Catanzaro, J. J. Gebis, P. béugls,

. K. Keutzer, D. A. Patterson, W. L. Plishker, J. Shalf, S. Wli\fns,
(PC3'12800 DDR3) at 204 GbpS — both ConS|derab|y faster and K. A. Yelick, “The landscape of parallel computing reskara

than available NICs. view from berkeley,” Tech. Rep. UCB/EECS-2006-183, Eliealr En-
Besides replay mode, the GPU can also operate as a live gineering and Computer Sciences, University of Califorrigerkeley,

: - December 2006.
stream multiplexer. Through the PCI Express switch the GP ] T. Li, D. Baumberger, D. A. Koufaty, and S. Hahn, “Efficienperat-

can access NIC device memory and copy this directly int0 " ing system scheduling for performance-asymmetric multi-cochitec-

main memory, acting as an overly complex polling DMA " Xlr?:s,’;jin PFOCEJdiggﬁ of Sgpeéconlﬂlputindgilgoﬁi . -
. . . . - - . Fedorova, M. Seltzer, C. Small, an . Nussbaum, “Thigug-
engine. More interesting is the configuration where we gepla-™ ‘- =1 scheduling on chip multithreading systems,” Teckp.RTR-

the stream to main memory more than once, to increase ob- 17-04, Harvard University, August 2004.
served throughput. Finally, by slightly modifying packétsy., [5] A. Fedorova, M. Seltzer, C. Small, and D. Nussbaum, “Pentoice

. . p . of multithreaded chip multiprocessors and implications foeraging
changing IP source address), the CPU will receive high aites system design,” INnATEC’05: Proceedings of the USENIX Annual

unique packets. GPU logic is increasingly programmable and Technical Conference 2005 on USENIX Annual Technical Gente
highly parallel, so we will leave open the possibility of reor (Berkeley, CA, USA), pp. 26-26, USENIX Association, 2005.

: . : i e ] J. Nakajima and V. Pallipadi, “Enhancements for hypee#laing tech-
interesting transformations for domain-specific benctksar nology in the operating system: seeking the optimal scheglilin

Finally, GPU based replay must be combined with a DCA-  wIESS'02: Proceedings of the 2nd conference on IndustrigBEences
capable motherboard and CPU to benchmark Model-T. with Systems SoftwaréBerkeley, CA, USA), pp. 3-3, USENIX Asso-
What we take away from this discussion is that sending datlz] ciation, 2002.

.. . . . G. E. Suh, S. Devadas, and L. Rudolph, “A new memory monitprin
at hundreds of Gbps is imminent and indeed practical even' scheme for memory-aware scheduling and partitioning,” HRCA

today on commodity hardware. Unless we change the way in pp. 117, 2002.

; ; +(8] P. Willmann, S. Rixner, and A. L. Cox, “An evaluation of metrk
which the OS handles network processing, the full CapaCItg? stack parallelization strategies in modern operating sysfein USENIX

of communication links will be left unused. We suggest that  annual Technical Conference, General Traph. 9196, 2006.
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