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Abstract Clusters of Symmetric Multiprocessors (SMP)
are more commonplace than ever in achieving high-per-
formance. Scientific applications running on clusters em-
ploy collective communications extensively. Shared mem-
ory communication and Remote Direct Memory Access
(RDMA) over multi-rail networks are promising approaches
in addressing the increasing demand on intra-node and inter-
node communications, and thereby in boosting the perfor-
mance of collectives in emerging multi-core SMP clusters.
In this regard, this paper designs and evaluates two classes
of collective communication algorithms directly at the Elan
user-level over multi-rail Quadrics QsNetII with message
striping: 1) RDMA-based traditional multi-port algorithms
for gather, all-gather, and all-to-all collectives for medium
to large messages, and 2) RDMA-based and SMP-aware
multi-port all-gather algorithms for small to medium size
messages.

The multi-port RDMA-based Direct algorithm for gather
and all-to-all collectives gain an improvement of up to 2.15
for 4 KB messages over elan_gather(), and up to 2.26
for 2 KB messages over elan_alltoall(), respectively. For
the all-gather, our SMP-aware Bruck algorithm outperforms
all other all-gather algorithms including elan_gather() for
512 B to 8 KB messages, with a 1.96 improvement fac-
tor for 4 KB messages. Our multi-port Direct all-gather is
the best algorithm for 16 KB to 1 MB, and outperforms
elan_gather() by a factor of 1.49 for 32 KB messages. Ex-
perimentation with real applications has shown up to 1.47
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communication speedup can be achieved using the proposed
all-gather algorithms.
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1 Introduction

SMP Clusters are the predominant platforms for high-
performance computing due to their cost-performance effec-
tiveness. Interconnection networks and the communication
system software play a key role on the performance of such
clusters. In this regard, several modern networks such as
Quadrics [2], InfiniBand [12], Myrinet [19], and 10-Gigabit
iWARP Ethernet [24] have been introduced to support scal-
able and efficient communications. While SMP nodes are
traditionally equipped with multiple single-core processors,
the emergence of multi-core SMP nodes in clusters, where
each core will run at least one process with multiple intra-
node and inter-node connections to several other processes,
will put immense pressure on the interconnection network
and its communication system software.

Scientific applications written in Message Passing In-
terface (MPI) [18] typically use communication patterns
that involve collective data movement and global control.
Quadrics QsNetII [2] has hardware support for broadcast
and barrier operations. In addition, a number of collectives
such as reduce, gather, all-gather, and all-to-all are imple-
mented in its Elan user-level library. These collectives are
directly used by their MPI counterparts. As such, efficient
and scalable implementation of collectives at the Elan level
is critical to the performance of MPI applications.

To overcome bandwidth limitations and to enhance fault
tolerance, using multiple independent networks known as
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multi-rail networks [8, 15] is very promising. Quadrics
multi-rail QsNetII network is constructed using multiple net-
work interface cards (NICs) per node, in which the i-th NIC
connects to the i-th rail. Basically, there are two ways in
distributing the traffic over multiple rails. One is to use mul-
tiplexing, where messages are transferred over different rails
in a round robin fashion. The other method is called message
striping, where messages are divided in multiple chunks and
sent over multiple rails simultaneously. Quadrics uses an
even message striping over its multi-rail QsNetII network
for point-to-point messages through its Elan Remote Direct
Memory Access (RDMA) put and get, SHMEM [9] put and
get, and Tports send and receive functions. RDMA allows
direct transfer of data from a source process virtual address
to a destination process virtual address without the host
processor intervention or any intermediate copy. Previous
studies [22, 23] confirm that only a few collectives that are
currently implemented on top of Tports or elan_put() will
gain multi-rail striping from the underlying subsystems. Re-
cently, Quadrics has included support for multi-rail broad-
cast and all-to-all as well. However, to our knowledge, such
collectives use single-port algorithms.

In SMP clusters, intra-node communication is typically
done via shared memory, while inter-node communication
is done through the network. Recent research has focused
on designing efficient intra-node communications between
processes on the same SMP node [5, 6, 13]. Some work
has also been reported on devising collective algorithms for
SMP clusters [16, 17, 29, 34, 35, 37].

We are interested in the design and efficient implemen-
tation of gather, all-gather, and all-to-all operations over
multi-rail QsNetII SMP Clusters. All-gather and all-to-all
are intensive operations, typically used in linear algebra op-
erations, matrix multiplication, matrix transpose, as well as
multi-dimensional FFT. In this work, we first argue that
RDMA-based traditional multi-port algorithms for gather,
all-gather, and all-to-all collectives, directly implemented at
the Elan level outperform the native Quadrics implemen-
tations for medium to large messages. Our RDMA-based
multi-port gather algorithms include a tree-based and a Di-
rect algorithm. The all-gather and all-to-all algorithms in-
clude the Direct, Standard Exchange [3], and Bruck [4] al-
gorithms. The Direct algorithm is targeted for medium to
large messages. The Standard Exchange algorithm typically
performs better for short to medium size messages, while
the Bruck algorithm is supposed to perform better for short
messages. Our performance results indicate that the multi-
port Direct algorithms for gather and all-gather gain an im-
provement of up to 2.15 for 4 KB messages, and up to 1.49
for 32 KB messages over the native elan_gather(), respec-
tively. In addition, the multi-port Direct all-to-all performs
better than the native elan_alltoall() by a factor of 2.26 for
2 KB messages.

To address the deficiency of the traditional algorithms for
short messages, we then take on the challenge to design and
implement efficient RDMA-based and SMP-aware multi-
rail all-gather collective algorithms, as a case study. Our al-
gorithms include an SMP-aware Gather and Broadcast al-
gorithm, as well as SMP-aware Direct/Bruck algorithms for
small to medium size messages. Some of the proposed al-
gorithms overlap intra-node and inter-node communications
[17, 34, 37], and use multiple outstanding RDMA opera-
tions to exploit concurrency [33]. Moreover, data buffers are
shared between inter-node and intra-node communications.
Our SMP-aware algorithms not only improve the perfor-
mance over the native implementation, but also outperform
the aforementioned traditional algorithms even for medium
size messages. In essence, our performance results indicate
that the proposed SMP-aware Bruck all-gather is superior
among all algorithms for 512 B to 8 KB messages, and gains
an improvement of up to 1.96 for 4 KB messages over the
native elan_gather(). Not to mention, the Direct all-gather
algorithm is still the best algorithm for 16 KB to 1 MB mes-
sages. Using the proposed all-gather algorithms, we have
been able to reduce the communication time of real appli-
cations by a factor of up to 1.47.

The rest of this paper is organized as follows. Related
work is discussed in Sect. 2. In Sect. 3, we provide an
overview of the Quadrics QsNetII and its gather, all-gather,
and all-to-all collective algorithms. We also elaborate on
the communication cost model used in the paper. Sec-
tion 4 discusses the motivation behind this work. Section 5
presents the RDMA-based multi-port traditional algorithms
for gather, all-gather and all-to-all collective operations, and
then proposes two RDMA-based and SMP-aware multi-port
all-gather algorithms. Experimental framework consisting
of a 16-processor dual-rail QsNetII SMP cluster is described
in Sect. 6. In Sect. 7, we evaluate the performance of the pro-
posed algorithms. Section 8 concludes the paper and plans
for future work.

2 Related work

Study of collective communications has been an active area
of research. Thakur and his colleagues discussed recent col-
lective algorithms used in MPICH [32]. They have shown
some algorithms perform better depending on the message
size and the number of processes involved in the operation.
In [36], Vadhiyar et al. introduced the idea of automatically
tuned collectives in which collective communications are
tuned for a given system by conducting a series of experi-
ments on the system. In [21], Pjesivac-Grbovic and others
analyzed the performance of collective communication op-
erations under different communication cost models.

Some work has been reported on the use of RDMA in
the design and implementation of collectives on modern
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networks. Roweth and his associates studied how collec-
tives have been devised and implemented on QsNetII [26,
27]. Sur et al. proposed efficient RDMA-based all-to-all
broadcast and all-to-all personalized exchange algorithms
for InfiniBand-based clusters [30, 31]. In [33], Tipparaju and
Nieplocha used the concurrency available in modern net-
works to optimize MPI_Allgather operation on InfiniBand
and QsNetII, but their work did not address shared memory
intra-node communication.

On multi-rail systems, Coll and his colleagues [8] did a
comprehensive simulation study on static and dynamic allo-
cation schemes for multi-rail systems. Liu and others [15]
designed an MPI-level multi-rail InfiniBand. However, their
work was only focused on point-to-point communications.
Chan et al. [7] implemented a number of multi-port MPI
collectives for IBM Blue Gene/L.

On SMP clusters, some recent work has been devoted
to improve the performance of intra-node communications
on SMPs [5, 6, 13]. Buntinas et al. [5] have used shared
buffers, message queues, Ptrace system call, kernel copy,
and NIC loopback mechanisms to improve large data trans-
fers in SMP systems. In [6], Chai and others improved the
intra-node communication by using the system cache effi-
ciently, and requiring no locking mechanisms. In [13], Jin et
al. implemented a potable kernel module interface to support
intra-node communications.

On collectives for SMP clusters and Large SMP nodes,
Sistare and his colleagues presented new algorithms taking
advantage of high backplane bandwidth of shared-memory
systems [29]. In [34], Tipparaju and others overlapped the
shared memory intra-node and remote memory access inter-
node communications in devising collectives for IBM SP.
A leader-base scheme was proposed in [16] to improve
the performance of broadcast over InfiniBand. In [37], Wu
and others used MPI point-to-point across the network and
shared memory within the SMP node to improve the per-
formance of a number of collectives. In [35], Traff devised
an optimized all-gather algorithm for SMP clusters. Ritz-
dorf and Traff [25] used similar techniques in enhancing
NEC’s MPI collectives. Mamidala et al. [17] designed all-
gather over InfiniBand using shared memory for intra-node
and single-port recursive doubling algorithm for inter-node
communication via RDMA.

3 Background

3.1 Overview of quadrics QsNetII

QsNetII is the latest generation interconnect from Quadrics
used in high-performance clusters. It differs from other con-
temporary interconnects in the sense that it integrates a
node’s local memory into a globally shared, virtual-memory

space. QsNetII supports both Send/Recv and RDMA op-
erations. The RDMA operations include RDMA write
(elan_put), and RDMA read (elan_get). The send/receive
mode, supported through a connectionless network pro-
gramming interface called Tagged Ports (Tports), provides
a similar two-sided message-passing semantics as in MPI.
In fact, Quadrics MPI point-to-point implementation uses
Tports as its transport layer. As stated earlier, Quadrics
multi-rail networks boost the point-to-point bandwidth us-
ing even message striping.

QsNetII supports hardware broadcast and barrier, where
possible. It also implements reduce, gather, all-gather and
all-to-all at the Elan level. elan_gather() in the Elan li-
brary takes care of the gather and all-gather collectives.
The gather algorithm uses a tree-based algorithm among the
processes [26]. Leaf processes send data to their parents.
Intermediate processes add their own data and forward to
their parents. This process continues until the root process
gathers all data. To reduce host processor involvement, Elan
event processor on the NIC is used to chain the RDMA
puts. In SMP clusters, data (up to 2 KB) are gathered in the
node’s shared memory buffer. Inter-node gather is then per-
formed on a tree formed by the first process of each node.
For medium size messages, a tree-based algorithm is used
among all processes in the system. For messages larger than
4 KB, Tports Send/Recv is used among all processes, which
benefits from message striping in multi-rail QsNetII. For the
all-gather operation, elan_gather() uses the gather algorithm
followed by broadcast for messages up to 32 KB. For larger
messages, it switches to the ring algorithm.

The elan_alloall() does an all-to-all personalized ex-
change amongst all the processes. It uses a pairwise ex-
change algorithm for up to 8 KB messages, and then
switches to a permission to send algorithm [27]. In the pair-
wise exchange, performance deteriorates when there are hot
spots due to communication with the same destinations. In
the permission to send algorithm, a node starts exchanging
when it has received permission from the previous process.
It has also been shown that the Bruck algorithm works well
for very small messages. As in the gather and all-gather
collectives, elan_alltoall() uses shared memory for mes-
sages up to 2 KB. To our knowledge, elan-gather() and
elan_alloall() use single-port algorithms.

3.2 Communication cost model

To estimate the communication cost of different algorithms,
we use the Hockney’s model [11]. This is a simple model
that assumes the cost of sending a message between any
two processes is equivalent to ts + lm × τ , where ts is the
message startup time, lm is the message size in bytes, and
τ is the time to transfer one byte. The assumption is that
communication between any pair of processes has the same
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cost (this is almost true with wormhole routing in modern
networks such as QsNetII), independent of any other simul-
taneous network transactions. Although other elegant com-
munication cost models such as LogP [10], LogGP [1], and
PLogP [14] exist, the Hockney’s model is sufficient for our
analysis.

We assume each process has the ability to simultaneously
send and receive k messages on its k links, the so-called
k-port (or multi-port) model. In essence, k is the number of
ports in the multi-port algorithms, equal to the number of
available rails. We should also point out that although this
paper does not analytically model the cost associated with
shared memory transactions used in the SMP-aware algo-
rithms in Sect. 5.2, it empirically compares its performance
with intra-node network transactions.

4 Motivation

4.1 Multi-rail networks

Multi-rail networks are used to boost bandwidth and to en-
hance fault tolerance. In this section, we first do a feasibil-
ity study of the potential performance that could be gained
using message striping by presenting the performance of
Elan RDMA Write, elan_put(), under single-rail and dual-
rail QsNetII on our platform, described in Sect. 6. Figure 1
presents the both-way bandwidth of the RDMA write using
the pgping micro-benchmark available in the Elan Library.
In the both-way test, both the sender and receiver send and
receive data simultaneously. This is repeated sufficient num-
ber of times to eliminate the transient conditions of the net-
work.

As shown in Fig. 1, it is clear that the bandwidth is dou-
bled in the dual-rail QsNetII network. Evidently, striping oc-
curs at 1 KB boundary. The bandwidth for RDMA Read
(elan_get(), not shown) is almost the same as the bandwidth
for RDMA Write. The RDMA write short message latency
does not change much between single-rail and dual-rail. The
latency varies between 2 μs to 2.77 μs for a 4-byte message.
The RDMA Read short message latency is slightly larger

Fig. 1 Elan RDMA Write both-way bandwidth

than the RDMA write. Therefore, we use RDMA Write in
implementing our collective algorithms. Given the multi-rail
performance offered at the Elan level, excellent opportuni-
ties exist for devising efficient multi-port collectives and uti-
lizing message striping over multi-rail systems.

4.2 Shared memory vs. RDMA

Intra-node communication can be done using shared mem-
ory copying via shared buffers/queues, kernel-based copy-
ing, and copying through the NIC [5]. In the shared mem-
ory copying approach, a memory region is shared between
the two processes. The sending process copies its message
into the shared buffer and then sets a shared, synchroniza-
tion flag. The receiving process polls on the flag to real-
ize whether the sending process has finished writing. It then
copies the data from the shared buffer to its own buffer. Fi-
nally, it resets the flag.

The NIC-based copying method is basically an intra-
node RDMA Write operation. The kernel-based copying
method eliminates one of the two copies associated with the
shared memory method. However, it requires an expensive
system call. Therefore, we do not consider it in our study.

We have implemented a shared memory point-to-point
communication mechanism based on shared buffers. Our
implementation requires no locking, and uses the memcpy()
function. Figure 2 compares our shared memory implemen-
tation (shm_p2p) with intra-node RDMA write, elan_put(),
and with concurrent memcpy() operations. For all the tests,
results are averaged over 1000 iterations. By k-memcpy(),
we mean k processes simultaneously writing data onto k

sections of a shared memory region. We present up to four
concurrent memcpy() operations as our experimental cluster
uses quad-way SMP nodes.

From Fig. 2, one can conclude that shared memory im-
plementation is the preferred method for intra-node commu-
nication, but only up to 2 KB messages; afterwards, RDMA
is better. We believe, in implementing collectives, this is the
main reason why Quadrics uses shared memory intra-node

Fig. 2 Intra-node communication
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communication among co-located processes only for mes-
sages smaller than 2 KB.

Prior research [5, 6] has mostly focused on efficient
shared-memory communication only for point-to-point trans-
actions (such as shm_p2p). However, to implement an
SMP-aware per-node collective, such as gather, co-located
processes just need to concurrently transfer their messages
to different sections of a shared memory region using mem-
cpy() operations; and then the root process copies the en-
tire shared-memory buffer into its own destination buffer
using another memcpy() operation (synchronization is also
needed). Typically, SMP nodes support concurrent mem-
cpy() operations efficiently for short to medium size mes-
sages. This is clear from the results in Fig. 2 as all k-
memcpy() operations take much less time than an intra-node
RDMA operation (in fact, this is true up to 128 KB mes-
sages). Intuitively, one can argue shared memory regions
can be effectively used for per-node collectives for messages
larger than 2 KB as well, where they should potentially pro-
vide better performance than RDMA implementations.

Our SMP-aware all-gather algorithms in Sect. 5.2 use
per-node shared memory gather and broadcast. We have im-
plemented these primitives on our 4-way SMP node in order
to empirically find the maximum message size that should
be transferred via shared memory for an efficient gather and
broadcast operation. Our per-node shared memory gather
described above includes an optimization, as shown in Fig. 7
for node zero. For the shared memory broadcast, the Master
(root) process copies its data to the shared buffer and then
sets a synchronization flag. All other processes poll on this
flag and then copy the data to their destination buffers. All
processes then synchronize (using elan_hgsync) to complete
the operation.

Figure 3 presents the results for the shared memory
gather and broadcast operations on our 4-way SMP node.
While our shared-memory broadcast (shm_bcast) outper-
forms Elan hardware broadcast (elan_hbcast) and software
broadcast (elan_bcast) for 256 B to 32 KB messages (with
comparable results for very short messages), our shared-
memory gather (shm_gather) is better than, or comparable
to, the native elan_gather() for up to 8 KB messages. There-
fore, on our platform, we use shared memory for messages

up to 8 KB. It is clear that this message size can be found
empirically for other single-core/multi-core SMPs.

5 Collective algorithms

In this section, we first present the RDMA-based multi-
port traditional algorithms for gather, all-gather and all-to-
all collective operations, and then propose RDMA-based
and SMP-aware multi-port all-gather algorithms.

5.1 RDMA-based traditional algorithms

Basically, there are two ways to improve the performance
of collectives on multi-rail systems. One is to implement
single-port algorithms that gain multi-rail striping from the
underlying communication subsystem. This approach is cur-
rently used by Quadrics for some of the collectives. The
other approach that we propose is to design and adapt multi-
port algorithms that could also benefit from striping. In the
following, we provide an overview of well-known tradi-
tional algorithms for gather, all-gather, and all-to-all collec-
tives. By traditional algorithms, we mean algorithms that are
designed for flat systems, and executed across all processes
in the system. We assume N is the number of processes in-
volved in a collective operation.

5.1.1 Gather algorithms

In gather, the root process gathers the data contributed by
every other process. We use two multi-port gather algo-
rithms: Spanning Binomial Tree, and Direct algorithms.

Spanning binomial tree algorithm The spanning binomial
tree algorithm, used for a scatter operation, extended for k-
port modeling can be used for the gather operation. Com-
munications start from the leaf processes and messages are
combined in the intermediate processes until they reach the
root process. At each intermediate step, the length of a mes-
sage sent to the parent process is multiplied by (k + 1). The

Fig. 3 Intra-node gather and
broadcast
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gather operation is completed after �logk+1 N� steps. There-
fore, the total communication cost, T , is:

T = (ts × �logk+1 N�) + (lm × τ)

×
�logk+1 N�∑

i=1

(k + 1)�(logk+1 N)�−i ,

T = (ts × �logk+1 N�) + N − 1

k
(lm × τ). (1)

Direct algorithm The tree-based algorithm has a logarith-
mic number of steps, therefore suitable for short messages
and networks where the cost of message transfer is domi-
nated by the startup latency. Another algorithm, for medium
to large messages, is for each process to send its message
directly to the root process. At each step, the root process
receives k different messages from k other processes. There
are a total of �N−1

k
� communication steps. Therefore, the

total communication cost, T , is:

T =
⌈

N − 1

k

⌉
× (ts + lm × τ). (2)

5.1.2 All-gather algorithms

In all-gather, each process will gather the data contributed
by all processes. We study three multi-port all-gather algo-
rithms: Direct, Standard Exchange [3], and Bruck [4].

Direct algorithm The Direct all-gather algorithm is the
extension of sequential tree algorithm for k-port model-
ing, and suitable for large messages. In each step, each
process sends its own message to k other processes in a
wrap-around fashion. That is, at step i, process p sends its
message to processes (p + (i − 1)k + 1)modN, (p + (i −
1)k + 2)modN, . . . , (p + ik)modN . There are a total of
�N−1

k
�communication steps. The total communication cost

is the same as (2).

Standard exchange algorithm The Standard Exchange all-
gather algorithm is the extension of recursive doubling
algorithm for k-port modeling, and works for power of
(k + 1) processes. It should generally perform well for
short to medium size messages. In the k-port Standard Ex-
change algorithm, processes are divided into N/(k + 1)

groups of (k + 1) processes each. Processes are grouped as
(0,1, . . . , k), (k +1, k+2, . . . ,2(k +1)−1), . . . , (N − (k +
1),N − (k + 1) + 1, . . . ,N − 1). In step 1, all processes
within a group exchange their messages using k-port. At
the end of this step, each process has (k + 1) messages. In
step 2, process p exchanges all its messages with processes
(p + (k + 1))modN, (p + 2(k + 1))modN, . . . , (p + k(k +
1))modN . At the end of this step, each process has (k + 1)2

messages. This continues to the step logk+1 N . At each

Fig. 4 Standard exchange all-gather algorithm for 9 processes under
2-port modeling

step i of this algorithm, each process sends messages of
size (k + 1)i−1 to k other processes. Note this algorithm
needs correction steps when the number of processes is not
a power of (k + 1). If the number of processes is a power of
(k+1), the total communication time is the same as (3); oth-
erwise (4). Figure 4 illustrates the 2-port Standard exchange
algorithm for nine processes.

T = (ts × logk+1 N) + N − 1

k
(lm × τ), (3)

T = (ts × (k + 1) × �logk+1 N�) + N − 1

k
(lm × τ). (4)

Bruck algorithm The Bruck all-gather algorithm works on
any number of processes, and is proposed to improve the
performance for small messages. Figure 5 illustrates the 2-
port Bruck algorithm for nine processes. The all-gather op-
eration among N processes can be represented as a sequence
of process-memory configurations. Each process has an N -
block output buffer. Initially, local data is placed at the top
of the output buffer.

The algorithm consists of two phases. Phase 1 has
�logk+1 N� steps. In each step i of phase 1, process p

sends all its data to processes (p − (k + 1)i), (p − 2(k +
1)i), . . . , (p−k(k+1)i), and stores the data it receives from
processes (p+(k+1)i), (p+2(k+1)i), . . . , (p+k(k+1)i)

at the end of the data it already has. An additional step is re-
quired if N is not a power of (k + 1), where each process
sends the first (N − (k + 1)�logk+1 N�) blocks from the top
of its output buffer to the destination processes and appends
the received data to the end of its current data. The second
phase consists of a local memory shift by p blocks down-
wards on a process p. The total communication cost is the
same as (1), for any N .

5.1.3 All-to-all algorithms

In all-to-all, each process has a distinct data for every other
process. In the following, we provide an overview of three
all-to-all algorithms: Direct, Standard Exchange [3], and
Bruck [4].
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Fig. 5 Bruck all-gather
algorithm for 9 processes under
2-port modeling

Direct algorithm The same grouping scheme and algo-
rithm as the Direct all-gather is used for the Direct all-to-all.
The communication cost is the same as (2).

Standard exchange algorithm The Standard Exchange al-
gorithm for all-to-all has the same grouping scheme as the
Standard Exchange algorithm for all-gather. However, each
process sends N

k+1 times larger message at each step. The
total communication cost is:

T = (ts × �logk+1 N�) +
(

N

k + 1

)
× logk+1 N × (lm × τ).

(5)

Bruck algorithm The Bruck algorithm for all-to-all among
N processes can also be represented as a sequence of
process-memory configurations. Each process-memory con-
figuration has N columns of N blocks each. Columns i rep-
resents the processor Pi , and the block j represents the data
j to be sent to process Pj .

Bruck algorithm for all-to-all consists of three phases.
The first and the third phase only require local memory
movement in each process. The first phase does a local copy
and shift of the data blocks such that the data block to be
sent by each processor to itself is at the top of the column.
In each communication step j of the second phase, process
i sends to process with rank (i + kj ) (with wrap-around) all
those data blocks whose j -th bit is 1. It also receives data
from process with rank (i − kj ), and stores them into blocks
whose j -th bit is 1. The final phase does a local inverse shift
of the blocks to place the data in the right order. This algo-
rithm takes �logk+1 N� steps. The total communication cost

is the same as (5), when N is a power of (k + 1). Figure 6
shows an example with four communication steps for nine
nodes.

5.2 RDMA-based and SMP-aware all-gather algorithms

While the performance of the traditional algorithms in
Sect. 5.1 is excellent for medium to large messages (refer
to Sect. 7), they lag behind the native QsNetII implementa-
tions for very short to medium size messages. Therefore, as
a case study in this section, we propose efficient SMP-aware
all-gather algorithms that not only do they address this de-
ficiency, but also they outperform the traditional multi-port
all-gather algorithms for medium size messages.

In the SMP-aware algorithms, we distinguish between
the intra-node and inter-node communications. However, we
do not just simply replace the intra-node communications
in the traditional algorithms with shared memory commu-
nications. Instead, we adapt the traditional multi-port (Di-
rect and tree-based) gather and (Direct and Bruck) all-gather
algorithms to SMP clusters by performing them across the
SMP nodes rather than processes. We propose two classes
of SMP-aware all-gather algorithms. In the first class, we
essentially do an SMP-aware gather algorithm across all
processes in the system and then broadcast the gathered
data to all processes, hence the name SMP-aware Gather
and Broadcast algorithm. In the second class, we use shared
memory gather and broadcast operations within the nodes,
along with (Direct and Bruck) all-gather among the nodes.
We call these algorithms SMP-aware Direct/Bruck algo-
rithms.
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Fig. 6 Bruck all-to-all
algorithm for 9 processes under
2-port modeling (phase 3 not
shown)

5.2.1 SMP-aware gather and broadcast algorithm

This algorithm is essentially done in three phases as fol-
lows:

Phase 1: Per-node shared memory gather
Phase 2: Inter-node gather among the Master processes

(Tree-based or Direct)
Phase 3: Broadcasting gathered data to all processes

Figure 7 shows Phase 1 and Phase 2 of this algorithm for
a cluster of four 4-way SMP nodes. Without loss of gener-
ality, we assume process 0 is the root process. We choose
the first process of each node as the local Master process, in
this case processes 0, 4, 8, and 12. In Phase 1, a local shared
memory gather is done among the processes of each node.
The size of the shared memory buffer is equal to the number
of local processes times the message size. Each process has
a shared memory flag. Local processes concurrently copy
their data, using memcpy(), to the corresponding locations
in the shared buffer, and then set their own shared memory

flag. The Master process polls on all the local flags and will
move on to Phase 2 once all flags are set. Note the optimiza-
tion for node 0 in Fig. 7.

In Phase 2, the Master processes engage in a Direct or
tree-based inter-node gather operation. For instance, in a
Direct inter-node gather algorithm, each Master writes the
contents of its local shared memory to the corresponding
position in the final destination buffer of the root process.
Messages from different Masters are sent on different rails
with message striping using RDMA Write. At the end, all
processes synchronize using elan_hgsync(), and move on to
Phase 3 where the root process broadcasts the gathered data
to all processes using QsNetII hardware broadcast primitive.

Our SMP-aware Gather (Direct) and Broadcast algo-
rithm in principle is similar to the all-gather algorithm in
elan_gather() for short messages. Our algorithm is host-
based, while Quadrics uses a single-port tree-based, NIC-
based approach that does not use striping. While NIC-based
techniques alleviate cache flushing problems in host-based
methods, they will incur higher latencies as the NIC proces-
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Fig. 7 Phase 1 and 2 of the
SMP-aware Gather and
Broadcast on a cluster of four
4-way SMP nodes

Fig. 8 SMP-aware Direct
all-gather algorithm on a cluster
of four 4-way SMP nodes

sor is slower than the host processor. Moreover, on-board
SDRAM is a limited resource in NIC-based approaches,
which limits the scalability. Our algorithms are all multi-
port and use striping. For instance, a 256 B message with
four processes per node will be merged into a 1 KB message
in the shared buffer. This 1 KB message will then be sent in
Phase 2 over the two rails using striping in our design. This
is not the case for Quadrics.

5.2.2 SMP-aware direct/Bruck algorithms

The SMP-aware Direct or Bruck all-gather algorithm is done
in three steps as follows:

Phase 1: Per-node shared memory gather
Phase 2: Inter-node all-gather among the Master processes

(Direct or Bruck)
Phase 3: Per-node shared memory broadcast

Figure 8 shows the SMP-aware Direct all-gather algo-
rithm on a cluster of four 4-way SMP nodes. In Phase 1, each
SMP node does a shared memory gather operation. Note that
the size of the shared buffer for this algorithm is four times
larger than that of the SMP-aware Gather and Broadcast al-
gorithm. In Phase 2, Master processes involve in a Direct or
Bruck inter-node all-gather operation. Each Master writes
the gathered data in Phase 1 into the respective shared mem-
ory buffers of the other nodes using the multi-port Direct or
Bruck all-gather algorithm. Each Master then waits for all

devents to make sure it has received all the data. In Phase 3,
each Masters executes a local shared memory broadcast to
copy out the overall contents of the shared buffer to the
destination buffers of each process. A final synchronization
among all processes completes the collective operation.

In Phase 2, right after we post the RDMA Write op-
erations, we copy the messages in the shared buffer (that
have been deposited by local processes) to the destination
buffers. This way, we overlap some memory copy operations
in Phase 3 with the inter-node communication in Phase 2.
Meanwhile, at the end of Phase 2 of the SMP-aware Bruck
algorithm, all data is available in the shared buffer, however
data is not in the right order. Instead of doing a local mem-
ory shift, we copy each message from the shared buffer to
the right position of the destination buffer for every process.

6 Experimental platform

The experiments were conducted on a 4-node dedicated
SMP cluster, with two QM500-B Quadrics QsNetII NICs per
node, and two QS8A-AA QsNetII E-series 8-way switches.
Each node is a Dell PowerEdge 6650 that has four 1.4 GHz
Intel Xeon MP Processors with 256 KB unified L2 cache,
512 KB unified L3 cache, and 2 GB of DDR-SDRAM on
a 400 MHz Front Side Bus. Each NIC is inserted in a
64-bit, 100 MHz PCI-X slot. The operating system is the
Vanilla kernel version 2.6.9. Our Quadrics software is the
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“Hawk” release with kernel patch qsnetp2, kernel module
5.10.5qsnet, QsNet Library 1.5.9-1, and QsNetII Library
2.2.11-2. Test codes were launched by the pdsh [20], ver-
sion 2.6.1. The MPI implementation is the Quadrics MPI,
version MPI.1.24-49.intel81.

7 Performance results and analysis

In this section, we first discuss the implementation issues
in our study. We then present the performance of traditional
multi-port gather and all-to-all algorithms on our platform.
Finally, we show the performance of the traditional and the
proposed SMP-aware all-gather algorithms.

7.1 Implementation issues

For the inter-node communications, both our multi-port tra-
ditional and SMP-aware algorithms use RDMA Write on
both available rails. A sending process has direct control
in sending messages simultaneously over the two rails, us-
ing elan_doput(). When a message is larger than a threshold
(1 KB), even message striping is used. When a message is
sent, the sending process uses the elan_wait() to make sure
the user buffer can be re-used safely. Note that in the imple-
mentation of our algorithms, processes do not synchronize
with each other.

Quadrics support event notification for both single-rail
and multi-rail systems. The destination event (devent) is set
once in each rail. A target process may call elan_initEvent()

once for each rail and then wait on each ELAN_EVENT to
be returned. This guarantees a message has been delivered
in order in its entirety. It is worth mentioning that QsNetII

does not need memory registration and address exchange
for message transfers. This eases the implementation, and
effectively reduces the communication latency.

7.2 Gather performance

The tree-based and the Direct multi-port gather algorithms
have been implemented using RDMA Write, and their per-
formance is compared with elan_gather() in Fig. 9. Com-
paring the two algorithms, as expected, the tree-based algo-
rithm has a better performance for short messages (up to 256
bytes) than the Direct algorithm.

The overall results are very promising as the implementa-
tion of the dual-rail Direct algorithm is much better than the
native implementation except for messages less than 1 KB.
In fact, the proposed multi-port Direct gather gains an im-
provement of up to 2.15 for 4 KB message. An interest-
ing observation is the superiority of the tree-based algorithm
over elan_gather() for the messages in 1 KB to 8 KB range.
We believe this is because elan_gather() uses a single-rail
tree-based algorithm for medium size messages. The scala-
bility plots in Fig. 9 confirm our findings in the 16-process
case. However, it also shows that with increasing number
of processes elan_gather() performs better for very short
messages. This is because Quadrics uses shared memory for
intra-node communications.
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Fig. 10 All-to-all performance and scalability

7.3 All-to-all performance

Figure 10 compares the performance of the three multi-
port all-to-all algorithms (Direct, Standard exchange, and
Bruck) with the elan_alltoall() when they are implemented
directly at the Elan layer using RDMA Write on our dual-
rail QsNetII SMP cluster. As expected, the Bruck algorithm
is superior among the three traditional algorithms for very
short messages (up to 64 bytes), while the Direct algorithm
has a much better performance for short to large messages.
The Bruck algorithm suffers because of memory copies
when the message size increases. The Standard Exchange
algorithm incurs a penalty for 16 processes due to correc-
tion steps. However, its performance is better than the Bruck
algorithm after 4 KB.

The performance of our multi-port Direct all-to-all algo-
rithm is much better than the native elan_alltoall() for mes-
sages larger than 256 bytes. In fact, an improvement of up
to a factor of 2.26 for 2 KB messages has been observed.
The scalability plots in Fig. 10 shows that with increasing
number of processes elan_alltoall() outperforms our algo-
rithms for very short messages, essentially confirming the
importance of intra-node shared-memory communications
for very small messages, which is lacking in our flat algo-
rithms.

7.4 All-gather performance

In this section, we compare the performance of the proposed
multi-port SMP-aware all-gather algorithms with the tra-
ditional (Direct, Standard exchange, and Bruck) all-gather

algorithms and the elan_gather(). Figure 11 presents the
performance and scalability of seven different algorithms
running with 16 processes on our cluster. We should men-
tion that we have increased the shared memory buffer size
to 64 KB in order to find out the cut-off points among
the different algorithms. We have considered 4, 8, and 16
processes in our scalability analysis, where processes are
evenly distributed across the nodes. This resembles clusters
of four uniprocessor nodes, four dual-processor nodes, and
four quad-processor nodes, respectively.

Analyzing the results in Fig. 11, one can realize that
the SMP-aware Gather and Broadcast algorithm is the best
algorithm for up to 256 B messages. Its performance is
in par or slightly better than the native elan_gather(). For
short to medium size messages (512 B to 8 KB), the SMP-
aware Bruck algorithm outperforms all other algorithms.
This is in harmony with our finding in Sect. 4.1, where per-
node shared-memory gather implementation outperformed
elan_gather() for up to 8 KB messages. Note that an im-
provement of up to 1.96 for 4 KB messages can be observed
using the SMP-aware Bruck algorithm.

As expected, the traditional algorithms (Direct, Standard
Exchange and Bruck) cannot compete with SMP-aware al-
gorithms for short to medium size messages. However, for
medium to large messages (16 KB to 1 MB), the Direct algo-
rithm is superior among all algorithms, gaining an improve-
ment of up to 1.49 for 32 KB messages, benefiting from
large messages and multi-rail QsNetII.
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Table 1 Application and communication speedup (16 processes) us-
ing the proposed all-gather algorithms

N-BODY RADIX

Application speedup 1.01 1.13

Communication speedup 1.09 1.47

7.4.1 Application performance

In this section, we consider two real MPI applications, N-
BODY and RADIX [28]. These applications are irregularly
structured and use MPI_Allgather collective operation as
well as point-to-point communications. N-BODY simulates
the interaction of a system of bodies in three dimensions
over a number of time steps, using the Barnes-Hut algo-
rithm. Radix sorts a series of integer keys in ascending order
using the radix algorithm.

Table 1 shows the application speedup and the commu-
nication speedup of N-BODY and RADIX running with
16 processes when using the proposed all-gather algorithms.
The achieved speedups are within expectation given the size
of messages that the MPI_Allgather uses in these appli-
cations. MPI_Allgather in RADIX only uses 4 KB pay-
load, and the communication speedup of 1.47 is close to
the 1.96 speedup that our SMP-aware Bruck algorithm
achieves in our microbenchmark test. On the contrary, al-
though N-BODY uses a larger number of MPI_Allgather
collectives, 91% of the payloads are less than 64 bytes. The
remaining payloads are less than 1 KB. Given our SMP-
aware Gather and Broadcast algorithm is only slightly bet-
ter than the native elan_gather() for messages up to 64 bytes,
the 9% communication speedup for N-BODY is justified.

One has to bear in mind that our microbenchmark all-gather
tests at the Elan level were run under a controlled and in a
synchronized fashion, while real applications typically suf-
fer from process skew and process arrival pattern due to im-
balanced computation.

8 Conclusions and future research

Scientific applications written in MPI use collective commu-
nications extensively. Quadrics QsNetII is one of the high-
speed interconnects used for high-performance cluster com-
puting. Quadrics software directly implements some collec-
tives at its Elan user-level messaging layer. Its MPI imple-
mentation uses the Elan collectives directly, and therefore
optimizing collectives at the Elan level is crucial to the per-
formance of MPI applications.

Using shared memory communication among co-located
processes on SMP nodes as well as RDMA operations for
inter-node communication and trying to overlap them is a
promising technique in increasing the performance of col-
lective operations. The effect is much more pronounced
when efficient multi-port collectives on multi-rail networks
are devised and implemented. This paper proposes and eval-
uates two class of collective communications algorithms di-
rectly at the Elan level over multi-rail QsNetII SMP clusters
with message striping: RDMA-based traditional multi-port
algorithms for medium to large messages, and RDMA-based
and SMP-aware multi-port algorithms for small to medium
size messages.

Our RDMA-based multi-port gather algorithms include a
tree-based and a Direct algorithm. The all-gather and all-to-
all algorithms include the Direct, Standard Exchange, and
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Bruck algorithms. Our performance results indicate that the
multi-port RDMA-based Direct algorithm for gather and all-
to-all collectives gain an improvement of up to 2.15 for 4 KB
messages over elan_gather(), and up to 2.26 for 2 KB mes-
sages over elan_alltoall(), respectively.

For the all-gather operation, and for very short messages
up to 256 B, the SMP-aware Gather and Broadcast algo-
rithm performs slightly better than the native elan_gather().
Our SMP-aware Bruck algorithm outperforms all algorithms
including elan_gather() for 512 B to 8 KB messages, with a
1.96 improvement factor for 4 KB messages. Our multi-port
Direct all-gather is the best algorithm for 16 KB to 1 MB,
and outperforms elan_gather() by a factor of 1.49 for 32 KB
messages. In addition, up to 1.47 communication speedup
was achieved using the proposed all-gather algorithms when
running real applications.

Our platform represents a small cluster. However, the
scalability results verify the superiority of the proposed al-
gorithms for various message sizes. Although we have used
Quadrics QsNetII in this study, we believe the proposed al-
gorithms have implications beyond this network, and can be
applied directly to any other RDMA-enabled network such
as InfiniBand or iWARP Ethernet. As for future work, we
intend to test our algorithms on a larger cluster with large
multi-core SMP nodes. We also plan to extend our study
by devising other RDMA-based and multi-core/SMP-aware
collectives over multi-rail systems.
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