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Abstract

Efficient data movement is an important part of any high-
performance I/O system, but it is especially critical for the
current and next-generation of massively parallel process-
ing (MPP) systems. In this paper, we discuss how the
scale, architecture, and organization of current and pro-
posed MPP systems impact the design of the data-movement
scheme for the I/O system. We also describe and ana-
lyze the approach used by the Lightweight File Systems
(LWFS) project, and we compare that approach to more
conventional data-movement protocols used by small and
mid-range clusters. QOur results indicate that the data-
movement strategy used by LWFS clearly outperforms con-
ventional data-movement protocols, particularly as data
sizes increase.

1 Introduction

Efficient data movement is an important part of any high-
performance I/O system, but it is especially critical for the
current and next-generation of massively parallel process-
ing (MPP) systems. The massive scale, the systems archi-
tecture, and the organization of the components in an MPP
each play an important role in the design of the I/O systems.

1.1 Impact of system size on data-movement de-
sign

The scale of current and next-generation systems is im-
mense. For example, “Red Storm”, the Cray XT3 ma-
chine at Sandia National Laboratories [CT03] has over ten

*P.O. Box 5800, Albuquerque, NM 87185-1110; {raoldfi,
lee} @sandia.gov.  Sandia is a multiprogram laboratory operated by
Sandia Corporation, a Lockheed Martin Company, for the United States
Department of Energy under contract DE-AC04-94AL85000.

TDepartment of Computer Science, University of New Mexico, Albu-
querque, NM 87131; {widener, maccabe } @cs.unm.edu.

1P.O. Box 5800, Albuquerque, NM 87185-1110; thkorde @sandia.gov.

1-4244-0328-6/06/$20.00 (©)2006 IEEE.

Compute (n) File /0 (m)

Network 1/0

Figure 1. The compute nodes in a partitioned
architecture use a “lightweight” operating
system with no support for threading, multi-
tasking, or memory management. /O and
service nodes use a more “heavyweight” op-
erating system (e.g., Linux) to provide shared
services.

thousand compute nodes, and the IBM BlueGene/L [Tea02]
installed at Lawrence Livermore National Laboratory, has
over sixty-four thousand compute nodes. Both machines
are expected to be used for large scale applications. For ex-
ample, 80% of the node-hours of Red Storm are allocated
to applications that use a minimum of 40% of the nodes.

In MPP systems such as Red Storm, any I/O node may
receive requests from any compute node. This implies that
an efficient data-movement protocol should be connection-
less; an I/O node cannot manage tens-to-hundreds of thou-
sands of compute-node connections and still perform its I/O
responsibilities in an efficient way. We need to maintain a
“stateless” scheme in which the data-movement interface
generates all information required to move a piece of data
from the source address to its destination address.



1.2 Impact of system architecture on data-
movement design

In addition to the massive scale of these systems and ap-
plications, the system architecture and organization also has
a significant impact on the design of the data-movement
scheme. Both Red Storm and BlueGene/L have adopted
a “partitioned architecture” [GBF97] (illustrated in Fig-
ure 1). The compute nodes in a partitioned architecture
use a “lightweight kernel” [MW93, Tea(O2] operating sys-
tem with no support for threading, multi-tasking, or mem-
ory management. I/O and service nodes use a more “heavy-
weight” operating system (e.g., Linux) to provide shared
services.

The lightweight kernel OS (LWK) used by compute
nodes in a partitioned architecture heavily influences the
design of the data-movement protocols and interfaces used
by the I/O system. For example, an LWK commonly does
not include support for multiprogramming, preventing the
use of threading for asynchronous data transfer as is done
in clusters. Traditional connection-based transfer proto-
cols like TCP/IP are also considered too heavyweight for
an LWK and so are not included. To minimize overheads
on the client, LWKSs should take advantage of optimizations
in the network such as OS-bypass and remote DMA. Their
primary role in communication is to efficiently manage the
available bandwidth in the network.

1.3 Impact of system organization on data-
movement design

System organization also plays a role in the design of the
data-movement protocols and APIs. Unlike most clusters,
compute nodes in MPPs are diskless. This means that all
I/0 traffic must traverse the communication network, com-
peting with non-I/O traffic for the available bandwidth. In
addition, the number of nodes used for computation in an
MPP is typically one to two orders of magnitude greater
than the number of nodes used for I/O. For example, Ta-
ble 1 shows the compute- and I/O-node configurations for
four Massively Parallel Processing (MPP) systems.

The disparity in the number of I/O and compute nodes,
coupled with the fact that compute nodes are diskless, puts a
significant burden on the communication network between
the compute nodes and the I/O nodes. In addition, because
many I/O operations for scientific applications are naturally
“bursty”, an I/O node may receive tens of thousands of near-
simultaneous I/O requests. To allow I/O nodes to better re-
spond to such surges in load, bulk data-movement for I/O
requests should be controlled by the server [Kot01]. That
is, the server should “pull” data from the client for writes
and “push” data to the client for reads.

2 Background

The context of our discussion on efficient data-
movement comprises two other projects: the Lightweight
File System and the Portals message passing interface.

2.1 The Lightweight File System

The Lightweight File System (LWES) project inves-
tigates the applicability of lightweight solutions in stor-
age systems. This work is patterned after research into
lightweight kernels for MPP systems, in which kernels are
customized for individual applications by including only
services that are necessary (the canonical example being the
irrelevance of the line-printer daemon Ipd to a MPP com-
pute node). In the case of LWFS, traditional filesystem
semantics such as atomicity and naming are not provided
by the storage system. Instead, LWFS emphasizes secure
and direct access to storage devices. The LWFS architec-
ture is extensible through the use of libraries, which may be
combined according to application needs to provide exactly
the services required. We are using this approach to extend
LWEFS with naming and metadata services as well as trans-
actional semantics for applications that need them. Sec-
tion 3 describes the data movement architecture of LWFS.

2.2 Portals

Portals [RBPT06] is a message passing abstraction that
was designed as a response to the near-parity (achieved
in the late 1990s) in bandwidth between memory-to-
memory and network bandwidths. As this rough parity
was approached, the overheads imposed by the interme-
diate memory-to-memory copies performed by commonly-
used message passing solutions grew to unacceptable pro-
portions of the available network bandwidth. Portals elimi-
nated these intermediate copies by providing users with the
means to describe which data should be placed where by the
kernel as messages were received. The which was solved
by referring to user-defined criteria (match-lists), and the
where was accomplished by providing the kernel with re-
served user-space buffers to be used as DMA targets.

A portal is an “opening” in the address space of a pro-
cess. Each portal has a region of memory associated with it,
and other processes can use the Portals API to read, write,
or atomically swap the contents of that memory.

The Portals interface provides the following beneficial
properties for a server-directed I/O architecture:

o Communication is connectionless, avoiding the neces-
sity to construct and destroy per-connection resources.
This has very positive implications for large scale par-
allel systems in which any node can communicate with
any other node.



Computer H Compute Nodes | 1/0 Nodes \ Ratio ‘
SNL Intel Paragon (1990s) 1840 32 58:1
ASCI Red (1990s) 4510 73 62:1
Cray Red Storm (2004) 10,368 256 41:1
BlueGene/L (2005) 65,536 1024 64:1

Table 1. Compute and I/0 nodes for MPPs at the DOE laboratories.

e Receivers manage communication, not senders. Un-
der sender-managed communication, persistent blocks
of information must remain available for every pro-
cess, implying that memory usage will increase lin-
early with job size.

Although receivers manage communication spatially
(by providing and describing the destinations for re-
ceived messages), they are not required to manage data
transfer temporally. That is, they are not required to
poll or wait for data to arrive, but instead may proceed
with their processing after indicating their readiness to
receive a message or set of messages. Receivers are
notified asynchronously only after messages have been
completely received and transferred into user space.

In addition to managing messages which they expect,
receivers can define what should be done with unex-
pected messages.

3 Design of the LWFS RPC mechanism

LWES relies on an asynchronous remote procedure call
(RPC) interface based on the Sun RPC interface [Sun87,
SM86]. This interface is responsible for both access to re-
mote services and efficient transport of bulk data.

In contrast to the Sun RPC interface, we designed the
LWFS RPC interface to be asynchronous. This allows
clients to overlap computation and I/O — a feature partic-
ularly important given that I/O operations are remote for
most MPP architectures (see Section 1 for a description of
MPP architectures).

Like Sun RPC, LWEFS relies on client and server stub
functions to encode/decode (i.e., marshal) procedure call
parameters to/from a machine-independent format. This ap-
proach is portable because it allows access to services on
heterogeneous systems, but it is not efficient for I/O requests
that contain raw buffers that do not need encoding. It also
employs a “push” model for data transport that puts tremen-
dous stress on servers when the requests are large and un-
expected, as is the case for most I/O requests.

To address the issue of efficient transport for bulk data,
the LWFS uses separate communication channels for con-
trol and data messages. In our model, a control message

is typically small. It identifies the operation to perform,
where to get arguments, the structure of the arguments, and
so forth. In contrast, a data message is typically large and
consists of “raw” bytes that, in most cases, do not need to be
encoded/decoded by the server. The LWFS client uses the
RPC-like interface to push control messages to the servers,
but the LWFS server uses a different, one-sided API (sim-
ilar to the Portals Message Passing Interface [BHMR99]),
to push or pull data to/from the client. This combined
approach (illustrated in Figure 2) allows interactions with
heterogeneous servers, but also benefits from allowing the
server to control the transport of bulk data [Kot01, SCJT95].
The server can thus manage large volumes of requests with
minimal resource requirements. Furthermore, since we ex-
pect servers to be a critical bottleneck in the system (re-
call the high proportion of compute nodes to I/O nodes in
MPPs), a server-directed approach allows the server to opti-
mize the processing of requests for efficient use of underly-
ing network and storage devices — for example, re-ordering
requests to a storage device [KotO1].

4 Implementation

As mentioned in Section 3, the LWFS RPC APIs con-
sist of a RPC-like interface that allows the client to send
requests to a server, and a one-sided interface that allows
the server to control the transport of bulk data to/from the
client. To enable the implementation of these APIs on MPPs
that use a partitioned architecture, we chose to layer our
communication APIs and protocols on top of the Portals
Message Passing Interface [BHMR99]. Portals was a log-
ical choice for several reasons. First, Portals is the stan-
dard protocol used on Sandia MPP machines. It uses a
completely connectionless architecture. It has one-sided
communication APIs that enable the exploitation of remote
DMA and operating-system bypass to avoid memory copies
in the kernel-managed protocol stack. Finally, it runs on
lightweight operating systems such as the Catamount OS
for the Cray XT3 [CTO03].

Figure 3 illustrates the required Portals data structures
and describes the basic protocol for calling and executing
a remote READ() function using the LWFS RPC library.
In the remainder of this section, we describe each of these
steps in detail.
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Figure 3. The figure illustrates the required data structures and protocol for calling and executing
a remote READ() function using the LWFS RPC library. The protocol is initialized at the Server (0)
and Client (1); the Server allocates Portals structures for incoming requests and the Client allocates
Portals structures for data and result buffers. A request is initiated by the Client (2) by placing a short
read request in the Server’s request buffer. The Server gets data from the client’s data buffer while
processing the read request (3). Finally (4), the Server puts the result in the client’s result buffer after

processing the request.

When a remote service starts, before it can accept remote
requests, it allocates a buffer for incoming requests and cre-
ates all the necessary Portals data structures required to di-
rect an incoming request to the right location in the buffer.
We illustrate this process as step 0 in Figure 3. Although
the details are not important in the context of this paper, the
required Portals data structures include a memory descrip-
tor to describe the buffer for incoming requests, a match list
used to identify appropriate messages, a Portal table to in-
dex match lists in the Portals library, and an event queue
that contains a log of successfully matched messages. Once
the server creates these data structures, it registers a new
service description in a known service registry and spawns
a thread to processes incoming messages (i.e., requests) that
get logged to the event queue. We show the type definitions

for the service descriptor and remote memory addresses in
Figures 4 and 5.

After a client looks up the service description from the
service registry, it can send a READ() request to that service
with the LWFS_CALL_RPC() function. The parameters for
the LWFS_CALL_RPC() function include a service descriptor
for the remote service, an opcode to identify the function,
and buffers for the arguments, data, and the result. The fi-
nal parameter is a request structure that identifies a pending
asynchronous request.

The first task for the LWFS_CALL_RPC() function is to
allocate the Portals data structures for the data buffer and
the result buffer (step I from Figure 3). This process results
in two remote memory addresses that are marshalled, along
with the opcode and arguments, into a single control mes-



struct Iwfs_service {
Iwfs_rma req_addr;
Iwfs_rpc_encode rpc_encode;

/% Where to put requests */

/* How to encode reqs x/

Figure 4. The service descriptor includes a remote memory address that identifies where to puT()
incoming requests, and a variable that identifies the encoding scheme used to marshal request
parameters (the current implementation only supports XDR).

struct Iwfs_rma {
Iwfs_buffer_id buffer_id;
lwfs_size len;
Iwfs_match_bits match_bits;
Iwfs_remote_pid match_pid;
Ilwfs_size offset;

/%
/%
/*
/%
/*

Portals index x/
Length of the buffer =/
Match bits =/

*/

*/

Processor ID

Buffer offset

Figure 5. The remote memory address contains values required by Portals to access a memory buffer

on a remote node.
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Figure 2. An LWFS 1/O server controls data
movement by pulling data from the client for
writes or pushing data to the clients for reads.

sage. In step 2, the client puts the control message into the
request buffer on the remote service and returns control to
the client.

Step 3 shows what happens when the server receives a
request from the client. The server first decodes the mes-
sage to identify the opcode, procedure arguments, and re-
mote addresses it needs to perform the operation. In this
example in Figure 3, the operation is a READ() that causes
the server to get data from the client’s data buffer using the
Portals one-sided messaging API. The request contained the
remote memory address that identifies the client-side mem-
ory location of the buffer.

The final step, step 4, is to put the result in the result
buffer of the client. In the case of a READ() operation, the
result is an integer representing the number of bytes trans-
ferred and written to disk by the server.

It is important to note that LWFS_CALL_RPC() is an asyn-
chronous operation. The client does not have to sit idle wait-
ing for the remote operation to complete. When the client is
ready for the result, it calls the LWFS_WAIT() function that
blocks the client until the specified remote request is either
complete (possibly with an error) or has timed out. When
the LWFS_WAIT() function returns, the client may release or
re-use all buffers reserved for the remote operation.



int LWFS_CALL_RPC (

Iwfs_service xsvc; /+« Remote service descriptor x/
Iwfs_opcode opcode; /+x Identifies the operation x/
void xargs; /x Args buffer x/

void xdata; /+* Data buffer x/

Iwfs_size data_len; /x Length of data buffer x/
void xresult , /% Result buffer x/

Iwfs_request xreq); /x The request structure x/

Figure 6. The Lwrs_caLL_RPC() function has parameters for the remote service, the opcode, and
buffers for the arguments, data, and result. The request structure identifies the pending request so
the client can wait for the result using the Lwrs_wa1T() function.

5 Analysis

To investigate the performance of the LWFS data-
momement protocols, we ran experiments that compare the
throughput (measured in MB/sec) of the LWFS RPC mech-
anism to three other approaches: TCP/IP, Sun’s RPC, and
Sandia’s reference implementation of Portals 3.3. Each ex-
periment consists of two processes: a client that sends an in-
teger followed by an array of 16-byte data structures to the
server, and a server that receives the array and returns a sin-
gle data structure to the client. Each 16-byte data structure
(defined in Figure 7) consists of a 4-byte integer, a 4-byte
float, and a 8-byte double.

We ran all experiments on a cluster of 32 TA32 compute
nodes, each with 2-way SMP Dell PE1550 processors (1.1
GHz PIII Xeons) with a Myrinet 2000 interconnect. For the
LWEFS experiments, we used the reference implementation
of Portals 3.3 that is not optimized to use the Myrinet GM
library. In all cases, the lowest-level transport was TCP/IP
over Myrinet.

For the raw TCP/IP version, the client makes a socket
connection to the server, writes the length of the buffer,
writes the buffer, then reads the result. When the server
receives the size of the buffer, it allocates space for the in-
coming array, reads the buffer, then writes back the first data
structure in the buffer.

For the raw Portals version, the client and server perform
the same steps as the TCP version, except that a send from
the client involves a PTLPUT() operation from the client
buffer into the remote buffer on the server. Like the TCP/IP
version, when the server receives the length of the incoming
buffer, it allocates space for the array, waits for the buffer
to arrive (an event gets logged to the receive buffer’s event
queue), then sends the first value of the array back to the
client.

In contrast to raw TCP and Portals, the Sun RPC ver-
sion encodes and transfers the entire array in one transac-

tion. The decoding mechanism on the server side allocates
the necessary space for the incoming array and reads and
decodes the data as it is transferred to the server.

The LWEFS version works much like the Portals version
except it encodes/decodes a small request that includes the
size of the incoming array. The server then fetches the data
from the client-side array using the one-sided PTLGET()
function.

Figure 8 shows the throughput in MB/Sec of the various
data-transport schemes as we increase the size of the data
array. The worst performer is Sun RPC because it has to en-
code/decode all messages sent across the network. This is
particularly inefficient because the XDR encoding scheme
used by Sun RPC has to visit every data-structure in the
array, adding a substantial processing burden on both the
client and the server. The plot flattens out around 32KB-
at which point the transfer becomes bound by the CPU pro-
cessing required for the XDR encoding.

The LWFES implementation also uses XDR to encode re-
quests, but it transfers the array (the data portion) in “raw”
binary format (the assumption is that the server knows the
format of the data and does not need to do a conversion),
allowing for larger buffer transfers and server-control of the
transport. The LWFS scheme achieves almost exactly the
same throughput as the raw Portals version, notable in light
of the fact that LWFS uses Portals as a middleware layer,
and demonstrating that the overhead of encoding/decoding
the request structure is minimal for large requests.

Just below the performance of the raw Portals and
LWES, but following the same general shape, is the raw
TCP/IP implementation. This may seem a bit strange since
our Portals (and thus the LWFS) implementation is layered
on top of TCP/IP. We believe that the raw TCP (that uses
default settings) performs worse due to TCP/IP optimiza-
tions implemented in the Portals library. Such optimizations
are common among HPC data-transport protocols that use
TCP/IP [DMTO2].
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struct data_t {
int int_val; /x 4 bytes x/
float float_val; /% 4 bytes x/
double double_val; /x 8 bytes x/

}s

Figure 7. The 16-byte data structure used for each of the experiments.
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Figure 8. Comparison of LWFS RPC to various other mechanisms.



6 Related Work

There is a large body of work [BALL89, vECGS92,
SB90, BF97] that has explored various optimizations to the
basic remote procedure call paradigm, from optimizing lo-
cal calls to taking advantage of shared memory arrange-
ments or special hardware. The LWFS RPC system rep-
resents another optimized implementation of basic RPC se-
mantics, using the server-directed approach to improve scal-
ability.

RDMA-based approaches such as  described
in [LWKT03] rely on hardware support from special-
ized network interfaces such as Infiniband [AssO0] to
transfer data between address spaces, and have been used to
implement data movement for storage systems [WWPO03].
LWES uses Portals in a similar fashion; however, Portals
is an API that can be implemented using various commu-
nication technologies including TCP, reliable UDP, and
hardware-supported RDMA.

Portals does not specify a particular wire-format to be
used. Sun’s XDR encoding is used by LWFS and many
other systems for this purpose, but more efficient alterna-
tives (especially for the larger data sizes at which Portals
is more efficient in transmission) exist. A comparison of
wire-formatting approaches is presented in [BESWO0O0]. The
LWFS RPC design does not preclude the use of any partic-
ular data encoding, and more efficient encoding/marshaling
may well result in more efficient data movement.

7 Summary

We have described a novel method of accomplishing ef-
ficient data movement in the context of a storage system
designed for lightweight I/O, the Lightweight File System.
LWFS communicates using a custom RPC layer on top of
a mature, efficient data transfer API, Portals. Our experi-
mental results show that the data-movement strategy imple-
mented in LWEFS is entirely appropriate in the very large
scale environments for which it was designed. Our future
work includes investigating more efficient data encoding
strategies for LWFS and further profiling on production-
scale machines.
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