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The Grid Storage Server is implemented almost complet
in silicon, whether FPGA or ASIC; the fast-path of this servi 4
does not use a CPU or von Neumann style (instruction/da
machine. Instead, multiple layers of a protocol stack are col
piled into a hardware engine that processes all layers concur-
rently on-chip. This "serverless” design allows it to scale up
to match "terabit” network speeds and "terabyte” disk ca-
pacities enabling large scale grid applications. Such architectures are applicable to "Big Science” applica-

At a price-point a small percent of that of a server-basd®ns[19,22] as well as data-hungry distributed commercial
design, the Grid Server incorporates a standards compligdgplications such as Decision Support[23].
high-performance TCP stack that can saturate 40Gbps us-The comparable trends in storage are more interesting.
ing a single or multiple TCP connections. The current d¥Vhile server and disk-drive unit costs have remained almost
sign directly attaches to a storage array of 48TB capacitstationary, disk density has been growing at 100% CAGR[20]
The storage array is organized with a fault-tolerant RAID fowhich is significant because it is even faster than Moore’s
performance and reliability; the RAID configuration is adapkaw (25-43% CAGR). Thus disks with areal densities of
tive and can be tuned to conflicting application needs. A80 Gb/in? disks are around the corner[21]. At the same
a bonus, because the control-plane in the silicon-based T{Re disk access-times and access-rates have not kept up. To-
engine has very low jitter, the protocol engine has mechgether this means future applications would of necessity de-
nisms for nanosecond precision clock synchronisation acra#send clusters of disks aggregated into virtual file-systems.
very large distances, thus, for the first time, enabling trans-Typically, clustered storage-servers are deployed in a Com-
continental real-time and temporal grid computation angutation Grid to (1) organize the raw bulk data storage into
database applications. usable file-systems, (2) to perform locking and other con-
sistency maintaining and co-ordinating procedures across the
multiple geographically scattered users, and (3) to serve the
data on protocols that are compatible with wide area net-
works, for eg. storage protocols that are layered over the
The following two trends in computing are well known TCP/IP suite. With currently available implementations,
First, where demand for computational horse-power has diiese protocols require software implementations[2] which
stripped Moore’s law, the notion of cluster computing hdberefore continue to be hosted on servers of traditional von
provided an answer, by harnessing aggregate CPU poWNeumann architecture. TCP-offload engines (ToEs)[1,25] are
across many machines[19]. Second, wide-area network liskpartial alternative to software TCP stacks; while they help
with bitrates approaching 40Gbps per lambda are now betngaugument server capacity, they themselves continue to be
deployed; these speeds are comparable to CPU-memonyliiviited by scaling with Moore’s law, which we have observed
trates within traditional computer systems. This two trenésnot fast enough.
have together enabled compute clusters to be geographiFhis can be seen in Figufé 1 which compares the cost of
cally dispersed, which is the notion of Grid Computingligital storage against traditional paper and film. It can be
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Figure 1: Storage and Server Cost Trends

1 Introduction
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1.1.1 TCP-Termination Engine and File Server

The TCP termination engine uses the FlowStack machine to
implement a fully standards-complaint TCP/IP stack, and is
papable of saturating a 40Gbps OC-768 pipe with a single

Figure 2: "Serverless” Grid Storage Server

seen that with the introduction of small form-factor disks i

1996, the per-megabyte cost of raw digital storage (red lirfgmuitiple TCP stream(@) It is implemented completely in
has fallen below that of paper. However, the cost of a fulfif!cOn: on a single FPGA board with two 40Gbps interfaces

loaded server with disks continues to be much higher. A fégPtshown). _ o

example price points for a 2TB server, a typical "Enterprise” 1€ TCP-termination engine supports multiple simultane-

configuration (green-line), show a cost range of 4800 to 194S TCP streams. It maintains one TCP connection per client

USD-per-GB (details in Sectidr] 5). It can be seen that widly the network side, delivering file-services over RDMA. In

traditional server architectures, the cost of digital storaged@dition it separately maintains one TCP connection per disk-

not competitive yet against a 5000 year old medium. drive, connecting via a block-server protocol. These two dif-
In the work reported in this paper, we present Grid StoraE‘f‘éem classes of connections are interconnected to each other

Server, a distributed disk block- and file-server architectif@ the file-server application-layer component which is also

well suited for Grid Computing applications that can be infésident in the FlowStack silicon (Figufe 5).

plemented at a significantly lower cost (27 USD-per-GB for

2TB, and approaching raw-disk costs for 48TB). 1.1.2 Disk Block Server-nbd

1.1 All-Silicon Grid Storage Server Figure[3 shows our all-silicon |m'plementat|on of the Q|sk
block-server component. Each disk server consists primar-

The Grid Storage Server (Figdrk 2) is implemented using til of a traditional inexpensive commodity disk directly con-
different types of protocol engines, both based on the Flomected to the IP router by a silicon protocol engine. This pro-
Stack machine described in this paper. It is backed by antacol engine implements in FlowStack hardware the equiva-
ray of 96 inexpensive disks that are directly attached to thel#t functionality of a TCP/IP stack plughbd, a disk block-
networking infrastructure without any intervening softwargerver upper layer protocol. Thus, while the meta-data is
servers with traditional von Neumann CPUs. The FlowStaokanaged by the CPU-based meta-data servers, the data-
based disk-network-interface chips are inexpensive enoumjpcks themselves flow directly from the IP attached disks
to be absorbed into the price of a commaodity harddisk. Theo the wide-area Grid fabric; scalably bypassing von Neu-
Grid Server can be realized in under $57,500 for such a comann and 10-bus bottlenecks.
figuration; implementations using conventional server-based
Ze;?go;;g{;gnvhlch can be as high as $9.5mn for a comparai)llf3 High Precision and Low-jitter NTP

This aggregation of disks is orchestrated by a small $gtaddition, the TCP stack, being implemented in silicon,
of meta-data servers, which run traditional software implgas very low and predictable jitter; of the order of the baud
mentation of control algorithms for metadata managemejfe of the interconnect on the ingress channel. With OC-

access-control, locking, logging, recovery and backup, btfg SONET interfaces, this jitter can be globally bounded
since they are not on the fast-path they are realized using in-

expensive and low-performance machines. Iperhaps it is currently the world’s fastest TCP stack
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gument global time-synchronization protocols, such as NTP,
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cise NTP service can be used by temporal and real-time |58

databases and transaction managers implemented on the Gr

Server. This nsec-precision time-synchronisation mechanisrr

also enables several trans-continental grid-based distributer ‘pm« ) ,
scientific computation applications, eVLBI radio astronomy
(extremely-Very Large Baseline Interferometry) being one D’Ij
example. Timiges oo

Index Context Memory (SRAM, CAM)

2 Grid Workload Characteristics Figure 4: FlowStack machine architecture

As grid applications evolve, the next-generation of Widel nitations. _Qne appfoaCh implements the protocol engines
deployed grid applications are expected to work with da jrectly in silicon, while the o.ther uses a set of special pur-
sets several orders of magnitude larger than anything sofgse RISC CPU cores on a single chip.

encountered. The Large Synoptic Survey Telescope (LSSTThe first type of implementation uses custom state-

uses a 3-gigapixel camera will produce up to 20 terabyf@éChmeS implemented in VLS| ’./'\SICS to implement v_arious
of data per night. Weather models commissioned by the ements of a protocol stack. This approach is exemplified by

tergovernmental Panel on Climate Change (IPCC) prodJ & iReady TCP Offlqad processor, Ethernet'MAX[Z] or the
7.5TB of data for each 100-year simulation. The Lar hiv of Oulu y\_/eb_Ch|p_[3]. Ma_nually translating complex
Hadron Collider (LHC) will produce close to a petabyte p otocol specifications into Verilog gate structures for imple-
second of raw observations. which will be culled down lWentation in silicon is expensive and inflexible; investments
1500 GB per day[22]. In the commercial world[23], thert! the range of $50-70mn have been reported[4].

are decision support databases with 29.2 TB, and transactioﬁhe second appro_ach to implementing protocol offload is
system databases with 18.3 TB in the form of a pipeline of RISC processors on a system-on-

As a specific motivating example, we use the new ';B'p,flsoc)'l: g's class_ of |LrJr]pIerT1entat|oB IS a]lslgl:lfsomn as

evolving radio-astronomy technique of eVLBI (extremel i (b etvx;]or kr%C?Si'ngThn'tS)’ a number ?NPU ds ave

Very Large Baseline Interferometry) which utilizes multi- een benchmarke .|n[ ] e current crop 0 evices
cale upto 4 to 10 Gigabits per second and cost around $200-

ple radio-telescopes in different parts of the globe to .
multaneously collect signals from the same part of the s 0, or in the range of $1000-3000 for a complete network

In one recent proof-of-concept experiment[5,18], real—tinin terface card containing the chip. While the RISC CPU ap-

fringes were detected using the EVN telescopes in CaPﬁQaCh is certainly more flexible and programnmable, it is

bridge (UK), Torun (Poland) and Westerbork (Netherland.@ tinexpensive and d_oes not.scale very well The.te_chryolog—
and the 305m Arecibo dish observing ICRF reference soul gl future’ of this arthtecture is forever tleq to'the limitations
0528+134. Ideally, a typical one hour observation wou Moore’s law, which for our purposes is simply not fast
produce a broadband signal sampled at 800Msps witk?%ouqh'

32bit resolution, collecting 5.7TB of data per hour per tele-

scope. Raw data accumulated over several days will 3 The FlowStack Architecture

repeatedly accessed as input to different kinds of analysis

and experiments. Additionally, since the application requiré§€ FlowStack architecture avoids this conundrum by fol-

time-synchronized measurement, the silicon supported hi}[mying a design approach which strikes a new balance be-
precision NTP in FlowStack could also be very useful. ~ Ween €ase of programming and the speed of silicon imple-

mentation.
The principal components of the FlowStack protocol en-
3  Protocol Engine Component gine are depicted in Figure 3. The engine consists of a rather
thin scaffolding or ECA harness of hand-coded ran-
3.1 Traditional NPU v/s ASIC dichotomy dom logic which supports the operation of the ECA Table, a

rather large AND-OR plane of logic which is implemented
We would like to compare and contrast FlowStack with thesing semi-automated means. This latter logic plane is called
two competing existing approaches for the implementationtbE ECA-table , or Event-Condition-Action table.
protocol offload engines[1], both of which have their serious The FlowStack Scaffolding contains a collection



ever, unlike horizontal layers in traditional protocol imple-

T YT f{fﬁﬁi"éﬁmd mentations, each slice represents a vertical section through
uac T (o RS the protocol stack, which follows the life of a packet from the
................................................................................... network interface all the way up the protocol stack to the ap-
— Epplication plication layer and back down the stack to the egress port on

the network. This vertical orientation of the slices allows the
programmer a first opportunity for cross-layer optimizations.

Each slice is programmed in a language that is syntacti-
cally a simple subset & and Verilog, and is as easy to code
as traditional software. The statements are of the form —
if (network  _event) // event
at (context == boolean) // condition
{ context = new _values } // action
While the final compiled ECA-table is monolithic hardware,
the steps that lead to its implementation are modular, with
striking resemblence to software development.

Each such hand-optimzed slice is then combined, or
of primitive functional units, including counters, registersomposited , along with all the other slices into the final
and other protocol-specific functional units which are us@CA-table. The scripts that accomplish this compositing per-
by the ECA table. For instance, there are several differggim some consistency and coding style checks and can de-
types of counters, some of them are upcounting while otheét and report conflicts between slices that may have been
down-count, and some saturate at the top-count while oiffadvertently coded. Any conflicts that are detected are re-
ers are designed to roll-over. Other functional elements Kplved as follows:
clude barrel-shifters, ones-complement adders and LFSR im-
plementations of CRC32 and CRC16. These counters ang
functional units dont have argrpriori assignment; the ECA
table can use any of these structures for any purpose from
time to time. However, each such facility is ideally suited to
perform a class of tasks that are commonly expected in pro-
tocol processing.

The ECA-table orchestrates the operation of all the

1-10Gbps LAN

Figure 5: Slices - De-layered Programming Model

Protocol Functional Verification stage: A conflicting
case is a packet that is claimed by two or more ECA
slices. The semantics is formally disambiguated by
specifying a unique priority order during compositing
of the slices. This resolution of a conflicting case can
be analyzed for formal correctness using reachability
and bisimulation[16] against a traditional software im-

counters and other functional units in the scaffolding. As
the data arrives into the device, it flows past the ECA table
structure at full wire-speed. The ECA table contains all the

plementation. Thus, the formal equivalence and hence
correctness of this silicon implementation can be com-
pared against a known-good, albeit slower, traditional

boolean logic terms to parse the packets and to save relavant software reference implementation.

information into various machine registers. These registers
are saved in &ontext Memory at the end of a packet, 2.
and restored upon the arrival of the next packet in the same
flow.

Compositing Time: The ECA slice compositing tool can
identify and flag all the overlap cases. These overlap
cases can be verified against the list of overlaps that have

In a sense, the FlowStack machine can been visualized as a been explicitly analyzed during the protocol functional

giant ALU with one single instructi@'and the context mem-
ory is akin to a register file. Conceptually the machine takes
an entire packet as its input word for each beat of its opera-
tion. Itindexes into and reads the current status of the context
memory pertaining to the connection and after completing the-
computation of all the protocol layers for this packet, it writes
the new status words back to the context memory.

3.3 Layers Vv/s Slices

The ECA-table is implemented by composting a collection
of slices that are individually implemented and tested. How—4

2|s it a most complex CISC or a most reduced RISC?

verification stage. Any errors introduced after the Pro-
tocol Verification Stage will thus be flagged during au-
tomated compositing.

Synthesis time: During logic synthesis, the silicon
compiler or synthesis is instructed via thélcase

pragma to identify and flag any cases that overlap in
their enabling conditions. Barring bugs in the composit-
ing tool, such cases are not possible; this checking stage
thus acts as a security against implementation errors in
the Compositing Tool.

. At Runtime: The remaining logical conflicts between

cases in the ECA table slices have now been separated
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3.4 FlowStack Advantages
by explicit prioritization of the choices. Each such con:

flict case gets reduced into priority encoder by the Syﬁ_s a result of benefiting from the cross-layer optimization op-

thesis tool in the final ECA table logic. Again, funcportunlt!es, both thosg arising during manual '.m.p'eme'.“a“"”
tlalegI vertical protocol slices as well as those arising during the

tional correctness is assured. The slight speed reducti . :
contributed by each such priority encoder is an inhere Lftomated synthesis of the composite ECA table, the Flow-

cost in that protocol stack; this cost can be mitigated tack engine produces a silicon core that is simultaneously

redesigning the protocols themselves or by tuning theirY cqmpact, high performa_mce and easy to program.
. . . .r{:or instance, a complete implementation of TCP/IP along

with support the the fast path components of RDMA (Re-

the critical path of the synthesized logic for priority en- '
coder structures will give a strong hint about the highg}me Direct Memory Access) and nbd (network .bIOCk dag—
on) protocols is only about 25,000 gates. This occupies

level pr | elements wh nfli ntri d . .
seIO\?v-?joc\):/%COHZ\?ingeot;,taingzesz?:h aCth?r?t fioijtaztg;%ly about 30% of an inexpensive FPGA device, such as the

thesized logic, it is easy to reflect the knowledge ba%&Ilnx Spartan. Alternatively, it can be commercially imple-

to the high level ECA slices and re-iterate the desig'ﬁ].i'\ﬁe.d mfcustom S'“E(.)n fgr ev?nhfu;therrs]awrrl]gsl.:l Stack
Unlike in the case of hand-crafted custom ASIC jm- /\'SING from a com ination of the fact that the Flowstac

plementation of protocol engines, it is not necessarngSign already has very few gates complexity 10 begin with,

hand-craft the logic solution to the speed bottleneck%@oI the fact that most real-life protocols, especially when
the low-level of random logic carefully optimized, have a fairly regular structure, the re-
' sulting FlowStack core is both very small and capable of

very high speed operation. In a Xilinx Virtex-Il FPGA,
Upon compositing, all the slices of the ECA table are ri1€ FlowStack engine can be clocked in excess of 125Mhz
duced to form a single large register-free plane of booleGfCk-speeds, atwhich speed itis capable of handling several
logic. This structure is itself not intended to be manualfyP0GPPs of network traffic.
edited. Instead it is passed on to synthesis tools (silicon com-

pilers) which then reduce the ECA table into actual gates j :
the final target silicon device. ZP File SyStem Component

. All t.ransitions irrespective of thellayerfint_j themselves_re%—_l RAID5 Operation
ident in the ECA table, and anything that is a state variable

goes into the context memory (Figyre 6). The synthesis tadlike a software stack where generally entire packets are as-
is able to automatically identify homomorphic subsets of tisembled into linear buffers before processing, a silicon proto-
gate structures in the ECA table, even if they be from concegml engine allows (and generally requires) all processing to be
tually unrelated layers or slices, and is able to further combibe done deterministically, in a fixed number of clock cycles
them together to reduce the logic and to improve both cloakd at wire-speed. This means that, in the FlowStack engine,
speed as well as area and power consumption. This is ithe almost as inexpensive to do byte-level (or even bit-level)
second opportunity for optimization which is not available imanipulations on files as it is to do block level operations;
either the NPU or custom ASIC approach described earliethere is no large fixed-cost of an invocation, context-switch



or interrupt-request that has to be amortised across the nRGWB. Also, this choice can be made independantly for each
ber of bytes, and thus requring a large buffer. file in the data store, or even each generation of a file. A
Secondly, due to the de-layering enabled by the prograwrite to a file that advances its generation count can be con-
ming of the FlowStack ECA core in units of vertical slicessurrently supported while a read of the previous generation
knowledge about the fate of the packet at as high as the igpstill in progress by bifurcating the file into extents; oper-
plication layer is available even to the physical and netwoakions on file-offsets within the two extents are governed by
layer behaviours. In other words, this is a form of interlayéifferentcontrol-blocks whose parameters have no col-
processing[26] in which it is possible to determine the diisions on physical disk-blocks.
position fate of practically every octet in a packet almost at
wire-time, as they arrive. .
Together, the above two features enable a unique form-of Cost Comparlsons
RAID5 implementation. Let us consider that, as a packet ar- . . . . .
rives, at wire-time, its headers are parsed and it is determii‘réyqe following section, we compare the price point achieved

that the packet is carrying a data write to a file. As shownl?r¥ the prototype Grid Storage Server against a traditional
o slorage server built out of off-the-shelf components config-

Figurd T, each octet i litinto 8-bits, and a parity bitis co o .
igure[Y 'S Sp| s party bris ﬁd for a similar aggregate capacity and performance. Along

puted. These 9-bits are then accumulated into buffers wh h te di ; the Grid St S d
are written into bit-wise and read out byte-wise. Thus a siRach separale dimension, the tr orage Server produces
ost savings of an order of magnitude or more.

gle 8-Kbyte write PDU from the network is broken into nin&
1-Kbyte data blocks which are then sent to the respective disk
drives. The parity scheme can be generalized to any numbel RAID Controller Costs

of bits or be replaced by a more efficient ECC mechanlsm]n a traditional storage server, the RAID functionality is im-

fro?nutr::gu:h?)?t\f \a/lvr:ittae ger(())fbtlkg;I;Agl]D tﬁ; tr::t Eggzsllnsogrsuz?)rlemented using commercial RAID controllers for high per-
. . p. ’ plag . . f?)rmance. These RAID controllers add significantly to the
RAID implementations; from a storage network viewpoint o : : }
computing the parity, writing a single octet is almost as ine%QSt of the System. As a point of comparison, a typical RAID
puting the panty, ng asing : controller bank for a traditional PCl-architecture server (In-
pensive as writing an entire disk block. Writes shorter th:ﬁg SRCUA42L, each rated at 320MB/s thus needing 16 units

512 bytes sectors are implemented as a read-modify-write pp- L )
eration by the FlowStack core in the disk block servers, { aggregate to 40Gbps), has a street-price of approximately

this is a fast operation as it operates out of on-disk buffers an

q787.
over a dedicated IDE/SATA interface with spare capacity. n the Grid Storage Server, the RAID functionality is im-

plemented within the same FlowStack protocol engine, along
with the TCP/IP Offload and the block server upper layer pro-
4.2 File System Metadata tocol, and therefore has zero incremental cost.

The Grid Server uses a filesystem whose Fast Path is im[‘}Jt =
mented in the FlowStack engines in silicon. The meta-da ZZ Server System Costs
of the file-sytems, along with all policy and permission conn terms of storage costs, the Grid Storage Server approaches
trol, is not accelerated, but implemented in traditional sothe ideal ofData Bricks  proposed by Jim Grey[7]. The
ware file-server machines. incremental cost of the silicon for the FlowStack protocol en-
A network PDU carrying a filepen() operation is gine per network-attached disk is in the region of $25 (Xil-
parsed by the TCP-termination engine and the parametersiaxeSparatan). The cost of the FPGA used to implement the
passed on to the meta-data servers. After appropriate acT&sB termination engine at the 40Gbps network attachment
control, the meta-data servers communicate back to the T&Fin the $500 range. Adding the cost of the 1/O transcivers
termination engine a block-allocation control-block whic{$3000 for the SFI-5 optics to connect to the OC-768 links,
identifies a (possibly pseudo-randoaiyorithm  to map plus $4000 for 96 instances of gigabit copper PHYSs), the total
octets (file-pointer or equivalently TCP-sequence number)dost of the server subsystem is in the $9500 range. The cost
blocks to disk-drives, and amlgoseed which offsets the of the bank of 96 inexpensive commadity IDE disks will add
start within this block-allocation sequence. This informatismother $48,000 to the price, bringing the total system cost of
is saved along with the TCB (TCP control block) and allovthe server subsystem to about $57,500 for a storage server.
the TCP-engine to perform all RAID and nbd computations In comparison, the recent demonstration of 100Gbps of ag-
autonomously, at wire-time. gregate TCP transmission at SC2004[17] used 10Gbps TCP
The RAID controller embodied within the FlowStack eneffload engines costing approximately $2000 each, hosted on
gine can be programmed to support most known RAl&rvers that cost in the order of $10,000 each. The cost of the
mechanism[8,9,10,11,13,14,15], such as RAID5, RAID10 server infrastructure comes up to approximately $188,000;



however even this pales in comparison to the cost of a fullff Tom Barclay, Wyman Chong, Jim Gray "A Quick Look at

configured disk storage array. SATA Disk Performance”, Microsoft Research, 455 Market St.,
The raw storage costs dominate the application; a 48¥gite 1690, San Francisco, CA 94105

Fibre Channel or SCSI array (eg. NetApp FAS960c or SEH Pei Cao, Swee B. Lim, Shivakumar Venkataraman, and John

StorEdge 3310) would add $3.12 to 9.5 million. SATA basﬁlkes, "The TickerTAIP parallel RAID architecture”, Proceedings

storage would be lower in cost: an EqualLogic PeerStore the 20th Annual International Symposium of Computer Architec-

. ) . tire, May 1993, 52-63.
series block server built out of SATA disk arrays would coé] M. Stonebraker and G. A. Schloss. "Distributed RAID - A New

only about $685K for the same 48TB capacity. A 48Ty inle Copy Algorithm”, Sixth Intl. Conf on Data Engineering,
BladeStore array from StorageTek, built out of ATA dlsk@a,_:leS 430-437, 1990.

would only cost $160K. These are for raw storage, with 0] J. Ousterhout. "Why aren’t operating systems getting faster as

application and transport protocol termination. fast as hardware?” In Proc. of the Summer USENIX Conference,
pages 247-256, June 1990.
6 Conc|usions [11] J. Gray, B. Horst, and M. Walker. "Parity striping of disc arrays:

Low-cost reliable storage with acceptable throughput”. In Proceed-

The Grid Storage Server, built using the silicon-implementj.f‘?tﬁilsr?_f the Ir;.CCan. igg/gry Large Data Bases, pages 148-161,
protocol engine based on the FlowStack architecture dem?@-s Ington DC., Aug. '
g

. Lee, E.K., "Highly-Available, Scalable Network Storage”,
strates that the storage subsystem costs of a Computati Spring COMPCON, Mar. 1995,

Grid can be brought down by an order of magnitude or motgs) 5 \wjijkes, R. Golding, C. Staelin, and T. Sullivan. "The HP Au-

A server for a 48TB disk array can be configured for a priggraID Hierarchical Storage System”, In Proc. of the 15th Symp.

that is two orders of magnitude less than that of conventioggloperating Systems Principles, Dec 1995.

server architectures. [14] B. R. Montague, "The Swift/RAID distributed transaction
In addition, the Grid Storage Server can saturate a 40Glpger,” Tech. Rep. UCSC— CRL-93-03, Computer and Informa-

pipe with a single or multiple TCP connection(s); the tradiion Sciences Board, UCSC., 1993.

tional server implementations can do so only using multigfd] K. Hwang, H. Jin, and R. Ho, "RAID-x: A New Distributed

parallel TCP connections. The silicon implementation of prBisk Array for I/O-Centric Cluster Computing”, Proceedings of 9th

tocol engines in the Grid Storage Server is significantly mdfe-E 'nternational Symposium on High Performance Distributed

faster and deterministic. This allows FlowStack augmentg mputing (HPDC-9), August 1-4, 2000, Pittsburgh, Pennsylvania,
) A, pp.279-286.

NTP to pr,OVIde nanosec Flme-gynthonlsatpn. _[16] R. Milner, J. Parrow, D. Walker : "A Calculus of Mobile Pro-
The Grid Server described in this paper is currently beiR@sses - part I”— LFCS Report 89-85. University of Edinburgh June
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