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Abstract

Due to their excellent cost/performance ratio, clusters of PCs can be attractive high-performance
computing (HPC) platforms. Y et, their limited communication performance over standard LANsis
still prohibitive for parallel applications. The project “ Shared Memory in aLAN-like Environment*
(SMILE) at LRR-TUM adopts Scalable Coherent Interface (SCI) interconnect technology to build,
and provide software for, a PC cluster which, with hardware-based distributed shared memory
(DSM) and high-performance communication characteristics, is regarded as well suited for HPC.

The paper describes the key features of the enabling technology, SCI. It then discusses the devel op-
ments and important results of the SMiLE project so far: the development and initial performance of
aPCI/SCI interface card, and the design and initial performance results of low-latency communica-
tion layers, Active Messages and a sockets emulation library.

1 Introduction

In recent years, networks of workstations (NOWSs) have become widely adopted for parallel, high-per-
formance computing (HPC), particularly in academia and small or medium enterprises. The advantages
of NOWSs are manifold: leading-edge technology, high performance, and high dependability of the com-
pute nodes (off-the-shelf RISC workstations); their low utilization; mature connectivity, both in hard-
ware and software; and the availability of software systemslike Parallel Virtual Machine (PVM) [8] that
alow to harness the distributed compute power for parallel applications at practically no costs.

One approach to proliferate HPC capabilities even further isto adopt networked PCs for parallel work.
PCs are ubiquitous and have excellent cost/performance ratios; also, today’s PC operating systems like
Linux and Windows NT provide reliable communication support over standard LANs. With PVM being
available for Linux and, more recently, for the Win32 programming interface [19], clusters of PCs are
becoming attractive platforms for parallel computing.

However, w.r.t. parallel processing, both NOWSs and PC clusters usually suffer from a severe drawback:
poor communication performance. This stems from the fact that communication mechanisms over stan-
dard networks, e.g., PV M message-passing, are based on the TCP/IP suite of protocols. These are oper-
ating system-level, heavy-weight protocols developed for transferring data reliably over unreliable,
probably widely distributed networks. The resulting communication architecture and very large process-
ing overheads (analyzed in detail e.g., in [5, 7]) limit the attai nable communication bandwidth and cause
high end-to-end message latencies, usually in the milliseconds range. Thisistwo to three orders of mag-
nitude inferior to state-of-the-art multiprocessors [7, 10] and makes conventional clustersill-suited for
fine-grained, communication-intensive parallel applications.

It isinteresting to note that, due to the software overheads, this drawback also holds for so-called high-
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speed networks, e.g. those based on ATM. As a point of reference, communication over BSD TCP/IP
sockets on an ATM-based workstation cluster is reported to incur a round-trip latency of 3.9 msand to
achieve amaximum datatransfer rate of only 2 Mbytes/s (of 12.5 Mbytes/s raw network bandwidth) [7].

Therefore, substantial research into more efficient communication mechanisms for workstation clusters
has been conducted in recent years. The bottom line of this research isto more closely and reliably cou-
ple the nodes in a cluster environment through dedicated interconnect and network interface hardware,
and to tailor datatransfers and control to the needs of parallel computing (in particular, low latency), by
removing the operating system and, as far as possible, software processing in general, from the critical
communication path. State-of-the-art cluster communication architectures achieve latencies aslow as a
few (tens of) microseconds and data transfer rates of tens of Mbytes/s. The interested reader isreferred
to the proceedings of recent workshops on thistopic, e.g. [3, 12, 13, 17].

The SMILE project at LRR-TUM is one such project to establish acompute cluster with communication
characteristics that make it well-suited for HPC. The project adopts and implements SCI interconnect
technology, most notably the hardware DSM specified in the SCI standard, to closely couple conven-
tional Pentium or Pentium Pro-based PCs. Various software systems for parallel computing are being
adapted to make efficient use of this communication architecture.

This paper describes the key features of the enabling technology, SCI, and outlines the objectives of the
SMILE project (section 2). In section 3, the design and initial performance figures of a PCI/SCI adapter
card are presented. Section 4 describesthe design and initial performance results (on an SCI-based work-
station cluster) of low-latency communication layers, namely an Active Messageslibrary and auser-lev-
d libary emulating BSD sockets. Conclusions and an outline of further work are given in section 5. The
focusin this paper ison the DSM and how it is exploited in software to achieve high-performance com-
munication.

2 SCI and the SMILE Project

2.1 Key Featuresof SCI

SCl isarecent standard [20] that specifiesinnovativeinterconnect hardware and protocol sto tightly con-
nect up to 64k nodes (e.g., multiprocessors, workstations or PCs, bus bridges, network interfaces, 1/0
adapters) into a high-speed network [9, 10]. Having emerged from an attempt to define a “ superbus*
standard, SCI defines bus-like services, but offers fully distributed solutions for their realization. The
most notable of these services are a single physical 64-bit address space across SCI nodes and related
transactions for reading, writing, and locking DSM areas. This hardware DSM spans up to 216 nodes,
with up to 2*8 addresses per node. Complex, distributed cache coherence protocols for the DSM have
been developed so that SCI systems with NUMA as well as CC-NUMA characteristics can be built.
Transactions for efficient messaging as well as for fast event notification or synchronization are also
specified.

SCI avoidsthe physical limitations of computer busses by employing unidirectional point-to-point links
only. Thus, there are no principal impediments to scalability; the links can be made fast, their perfor-
mance can scale with improvements in the underlying technology, and they can be implemented with
serial or parallél transmission lines, over various distances (up to kilometers), and based on various me-
dia(copper or fiber optic). At the physical layer, SCI initially specifieslink bandwidths of 1 Gbit/susing
serial linksand 1 Gbyte/s using parallel links over small distances.

At thelogical layer, SCI defines packet-based, split-transaction protocols. Up to 64 transactions can be
outstanding per node, allowing for each node to pipeline multiple packets into the network. The inter-
connect bandwidth can thus be utilized efficiently, and the latencies of e.g., DSM accesses can be hidden
effectively for the node.
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The basic building blocks of SCI networks are small rings (ringlets). Large systems are built of rings of
rings, rings interconnected via SCI switches, or multistage interconnection networks that can be con-
structed from ringlets. Further, a standardized interface of a node to the SCI network is proposed, with
an incoming and an outgoing SCI link per node. The protocols defined for this basic model provide for
fair bandwidth allocation and network administration; they are deadlock-free and robust. Maintenance
of data integrity and error detection is primarily done in hardware, for instance by hardware checksum
computation and by time-out logic that supervises outstanding transactions and performs retriesin case
of errors.

The major benefit of SCI networks and protocols is that communication can be performed at user level
viathe hardware DSM, by load and store operations into memory regions mapped from remote memo-
ries. Thistrandatesinto latenciesin thelow microsecondsrange evenin acluster environment, e.g., [18].
For high-volume communications, the SCI messaging transactions can be employed which use DMA
and SCI hardware protocols for data transfers. Throughput close to the bandwidth provided by the net-
work interface can be achieved in this manner, e.g., [18].

2.2 TheSMILE Project

The SMILE project at LRR-TUM has the objectives to enable alow-cost cluster built from conventional
PCsfor high performance computing, by implementing acluster-wide DSM with NUMA characteristics
in hardware (outlined in Figure 1); to adapt parallel programming models and application programs to
this platform (cf. Figure 2); and to use it asavehiclefor research into the efficient use of parallel systems
with DSM.
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Figure 1. SMILE SCI Cluster Model
According to these objectives, the work within the project fallsinto three categories.

Hardwar e developmentsto set up a PC cluster with DSM using SCI

The main component, aPCI/SCI interface card, is presented in section 3. Additional hardwareis current-
ly being devel oped that allows to monitor the node’ s outgoing SCI transactions, primarily remote mem-
ory references. This information will be used to analyze and optimize the performance of DSM
programs.

Adaptation and optimization of parallel APIsfor the SCI cluster

In addition to SCI device driversfor Linux and Windows NT, parallel programming models (APIs) are
being made available on the SCI cluster. The goal here is to exploit the specific features of the SCI in-
terconnect and the DSM so that applications using these APIs can largely benefit from high performance
communication. Work so far (performed on Sun workstation testbeds using commercial SBus/SCI
adapter cards) comprises adaptation of PVM direct data transfers [11] and of a Unix SVM system
(Shared Virtual Memory), and the development of user-level libraries for communication via Active
Messages and emulated BSD sockets. Thelatter two libraries are described in section 4. Work on imple-
menting alow-level SCI API that is currently under standardization [21], and on adapting and optimizing



full PVYM aswell as adistributed, DSM-based threads package (Figure 2), is about to commence.
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Figure 2. SMILE SCI Cluster Software Layers

Development and test of concepts, programming models, and tools for the efficient use of a DSM
cluster

In SCI DSM, remote memory accesses are performed in hardware; yet, they are about an order of mag-
nitude more expensive than local accesses (NUMA) [15]. Therefore, it is of crucial importance for the
efficiency of parallel programsto perform local memory references asfar aspossible. It isthelong-term
goal of our research to develop, and experiment with, program annotations, run time statistics and auto-
matic run time tools, and interactive performance analysistools, to establish, exploit, or analyze datalo-
cality. An important component of this research is the hardware monitor mentioned above.

3 TheSMIiLE PCI/SCI Adapter Card

Since acommercial PCI/SCI interface card was not available at the start of the SMiLE project and since
we wanted to be able to integrate monitoring hardware into the SCI interface at a later stage, we devel-
oped our own PCI/SCI adapter card. It isdescribed in detail in [1, 2]. The adapter serves asthe interface
between a PC’s PCI bus and the SCI interconnect. It intercepts PCI transactions, e.g. memory accesses
to certain addresses, translates them to SCI transactions, and forwards them into the network; vice versa,
it takes packets destined for the node off from the incoming link, translates them into PCI transactions,
and forwards them to the PCI bus. The PCI/SCI interfaceis responsible for request/response packet gen-
eration and protocol processing.

In addition, the PCI/SCI bridge performs the required address translations. The bridge has an address
window of 64 Mbytesin the PCI address space, 32 Mbytes of which can be used to map SCI addresses
into (at page granularity). An SCI address comprises an 8-bit node address and a 32-bit node-local ad-
dress. Thus, physical memory regions on different nodes (in the SCI address space) can be mapped into
anode’' s PCI (i.e., physical) address space, and — using mmap () for instance — further on into the pro-
cesses' virtual address spaces. Using this two-stage address translation scheme, remote memory can be
accessed by simple load and store operations, transparent to software. It isimportant to note that remote
dataare not cached locally; hence, problems associated with cache coherence and the need to implement
the SCI coherence protocols do not arise.

The PCI/SCI interface supports one outstanding read transaction (readsb), 16 outstanding write trans-
actions (writesb), 16 outstanding messaging transactions (nwrite64) that use DMAsfor datatrans-
fers on the nodes, and one read-modify-write memory transaction (locksb) to be used for
synchronization primitives. Each outstanding transaction is supervised by a separate timer. Other trans-
actions can be explicitly constructed by software. Up to 64 incoming SCI packets can be buffered in an
interface card.

Noticethat 16 outstanding writes as opposed to one outstanding read are supported. Thiswasadeliberate



design decision based on an observation we made on one of the SCI testbeds: SCI remote reads take
about 5.5 us, whereas remote writestake 0.4 us only [15]. Thisis due to the fact that remote reads have
towait for datato arrive, whereas remote writes are buffered in the local SCI interface and immediately
acknowledged to the processor. As a consegquence of this feature, the SCI software is being designed to
exploit remote writes as far as possible.

Figure 3 shows a high-level block diagram of the PCI/SCI bridge. The PCI Unit interfaces to the local
PCI bus, performs PCI-to-SCI addresstrand ations, and trandlates PCI transactionsinto SCI transactions,
and vice versa. SCI transactions are buffered in the Dual-Ported RAM (DPR). Control information is
passed on to and received from the SCI Unit via a Handshake Bus. For performance reasons, the DPR
contains pre-fabricated SCI packets where only address information and data have to be filled in. The
SCI Unitisresponsible for SCI protocol processing and delivering SCI packetsto the node viathe DPR.
Thisunit isbased on acommercial SCI interface chip, the Link Controller LC-1 from Dolphin Intercon-
nect Solutions. Both major units contain large FPGAS that implement most of the functionality of the
SCI interface card.
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Figure 3. PCI/SCI Adapter Architecture

A prototype of the PCI/SCI bridge has been tested and is currently being optimized. Using the bridgein
loopback mode at 18 MHz, “remote” write latencies of 3.1 us have been measured. With 25 MHz, this
should reduce to about 2.4 us. Figure 4 showstheresults of initial throughput measurementsat 12 MHz.
With 25 MHz, the throughput (per node) should increase to about 20 Mbytes/s. At block sizes of more
than 1024 bytes, the number of outstanding messaging transactions (16 64-byte packets) becomes the
limiting factor.

A small number of adaptersis currently being manufactured so that the SMiLE cluster can be built inthe
near future.
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Figure 4. Throughput of DMA-based Data Transfers over SCI (Loopback Mode, 12 MHz)

4  Low-Latency Communication Layers

In order to demonstrate the high-performance communication capabilities of an SCI system, we decided
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initially to adapt an efficient, user-level communication mechanism, Active Messages [6], to an SCI
DSM. The second communication system developed emulates at user level alegacy protocol in distrib-
uted systems, the BSD socketsinterface [16] to the TCP/IP family of protocols. The benefit of this API
is that many message-passing librariesin NOWSs, e.g., PVM, are built on top of it. Through the sockets
library therefore, other programming models are supported on SCI systems as well.

The software developments reported here are currently taking place on an SCI testbed of two SPARC-
stations-2, coupled to the SCI network viathe SBus-1 adapter card from Dolphin. The softwareiswritten
in amodular manner so that porting to the SMiLE cluster (under Linux) should pose no prablems. Per-
formancetests are also conducted on an SCI cluster of eight UltraSPARC workstations at the University
of California, SantaBarbara (UCSB), the nodes of which are equi pped with higher-performance Dol phin
SBus-2 adapters[14].

4.1 Active M essages

Active Messages (AM) are alight-weight messaging mechanism that allows to reduce the overheads of
sending and receiving messages (which directly translatesto latency) by at least one order of magnitude,
compared to more general mechanisms that provide for asynchronous messaging and mutual protection
of concurrent processes, for instance, and that perform multiple data copying and buffering. Thisis
achieved through a different understanding of a message which not only contains the relevant data but
aso afunction pointer identifying a so-called message handler function. Upon receipt of amessage, this
function is called with the transported data as its parameter, in order to remove the message from the
communication layer and deposit it directly in the application’s address space. The message handler is
a user-level, non-blocking function, making this concept best suited for short messages. Through this
technique, buffering and latencies are reduced to aminimum. Architecturesthat permit user-level access
to the network interface (such as an SCI DSM) benefit the most from the AM concept because context
switches into the operating system are avoided. A drawback of this origina scheme (AM 1.1) is that
there are no protection mechanisms and that programs using AM must execute in an SPMD style.

The SMILE AM implementation [4] is based on the second version of the AM interface (AM 2.0). This
version introduces the abstraction of communication endpoints that have to be acquired from the AM
layer and that are identified by endpoint tags. These tags can be checked upon message receipt, thus es-
tablishing a basic protection mechanism.

AM Daemon on Node 1 AM Daemon on Node 2

Node 2's Transmit Area Node 1's Transmit Area

Recv/Read Buffers (local) é} [> Recv/Read Buffers (local)

| Send/Write Buffers (rem.) jr*

,,,,,,,,,,,,,,,,,,

Node 3's Transmit Area Node 3’s Transmit Area
Recv/Read Buffers (local) Recv/Read Buffers (local)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| Send/Write Buffers (rem.) | Send/Write Buffers (rem.)

Node n’s Transmit Area Node n’s Transmit Area

Recv/Read Buffers (local) QW (9 Recv/Read Buffers (local)

| Send/Write Buffers (rem.) T T Send/Write Buffers (rem.) |

To/from Nodes 3, ..., n
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Figure 5. Structure of the SMILE AM System

The SMIiLE AM system consists of two main components: the AM daemons, one per node, that initialize
SCI shared memory segments and make them available to other AM daemons; and the AM library that
implementsthe AM API and performsthe datatransfers. Asdepicted in Figure 5, send and receive pools



of the communi cation endpoints are allocated in the shared SCI address space, with receive buffersbeing
allocated locally and mapped remotely as send buffers. As motivated above, data are transferred via ef-
ficient, buffered writesin the SCI DSM only.

Performance measurements on the UCSB SCI cluster show competitive performance behavior of the
SCI AM system (Table 1). Our own implementation, depicted in thefirst row of Table 1, addslittle over-
head to the raw latency of 9.3 us, and achieves more than 80% of the network’ s raw bandwidth. For com-
parison, performance figures from [14] are given in the next three rows.

Roundtrip | Throughput
ANt Version Latency | (AM Store)
[us] [Mbytes/s]
UCSB SCI NOW / 15 21
AM 2.0 (LRR-TUM)
UCSB SCI NOW / 16.5 13
AM 1.1 (UCSB) *
Myrinet NOW 28.9 34
Meiko CS-2 23 32

* Not optimized

Table 1. Performance Characteristics of Different AM Implementations

4.2 SCI SocketsLibrary

While common sockets implementations over standard LANs use the regular TCP/IP protocol stack that
isusually located in kernel space, amajor design goal for the SMiLE sockets implementation has been
to achieve datatransfers on user level. In the resulting system, SCI Sockets Library (SSLib) [22], thisis
again accomplished through user-mode shared memory accesses, preferably buffered writes. While all
socket API cals areimplemented (including out-of-band datatransfers), SSLib isevidently restricted in
the sense that connections can only be set up locally within an SCI system.

SSLib’sinternal architecture resembles somewhat the structure of the AM system. Daemon processes,
one per node, are responsible for initiating and maintaining connections and also handle the subtleties
pertaining to socket inheritance of child processes. Data transport is performed through remote memory
buffers (DSM segments) mutually mapped by the sender and receiver. Thetwo DSM segments required
for a(bidirectional) socket are organized as ring buffers, with start and end pointers being located in the
DSM and being incremented by buffered writesaswell. Thisfacilitates afundamental form of flow con-
trol: a sender blocks on encountering a full buffer, a receiver on an empty buffer. The original design
and implementation of the BSD socketsinterface requiresthat a copy operation be performed that trans-
fersthe datafrom abuffer in the sender’ s address space to the actual send buffer (in SSLib, in the DSM;
originaly, with TCP/IP, in kernel space), and vice versa at the receiver’ s side.

Similar to AM, SSLib is written in a hardware independent manner such that porting it to the SMiLE
cluster should be without problems. SSLib is built on top of alow-level communication layer that hides
the specific implementation of the underlying shared memory (and other communication mechanisms).
Thus, the SSLib could readily be tested both on an SCI DSM and a shared-memory multiprocessor. In
addition, thislayer selectsthe most efficient communication mechanism for agiven datatransfer (shared
memory operations or message passing using DMA transfers), depending on the data volume to be sent.

Common Unix toolsthat use sockets extensively, e.g. £tp, £tpd, inetd, have been used to verify the
correct behavior of SSLib. Preliminary performance results on the UCSB SCI cluster are encouraging:
roundtrip latencies of about 17 usfor a 1-byte packet have been observed.



5 Summary and Further Work

Based on results from the SMiLE project at LRR-TUM, we have shown that clusters of workstations or
PCs can be made into attractive HPC platforms, not only in terms of low costs and high computation
performance, but also with respect to high performance communication. The SCI interconnect standard
is an enabling technology for this endeavor, providing hardware-supported DSM and user-level access
to the network. Most notably, this tranglates into low-latency communication (in the low microsecond
range) which is particularly important for parallel applications. Also, high data transfer rates can be at-
tained, closeto the raw bandwidth of the network (or network interface). This has been demonstrated by
the two communication libraries described in this paper, Active Messages and a socket emulation li-
brary. These communication layers will be ported to the SMiLE cluster which will be based on the PCI/
SCI adapter card presented here as well.

In this paper, the focus has been on message-based communication. It is our belief that similar benefits
can beredlized for shared variable-based programming models. Asanext step, adistributed thread pack-
age making use of the SCI DSM will therefore be developed. This will be supported by a performance
analysis tool alowing to monitor and optimize the memory reference behavior of parallel programsin
the NUMA SCI system.
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