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Abstract

The advances in multicore technology and modern in-
terconnects is rapidly accelerating the number of cores
deployed in today’s commodity clusters. A majority of
parallel applications written in MPI employ collective
operations in their communication kernels. Optimiza-
tion of these operations on the multicore platforms is the
key to obtaining good performance speed-ups. However,
designing these operations on the modern multicores is
a non-trivial task.

Modern multicores such as Intel’s Clovertown and
AMD'’s Opteron feature various architectural attributes
resulting in interesting ramifications. For example,
Clovertown deploys shared L2 caches for a pair of
cores whereas in Opteron, L2 caches are exclusive to
a core. Understanding the impact of these architec-
tures on communication performance is crucial to de-
signing efficient collective algorithms. In this paper,
we systematically evaluate these architectures and use
these insights to develop efficient collective operations
such as MPI_Bcast, MPI_Allgather, MPI_Allreduce and
MPI _Alltoall. Further, we characterize the behavior
of these collective algorithms on multicores especially
when concurrent network and intra-node communica-
tions occur. We also evaluate the benefits of the proposed
intra-node MPI_Allreduce over Opteron multicores and
compare it with Intel Clovertown systems. The opti-
mizations proposed in this paper reduce the latency of
MPI _Bcast and MPI_Allgather by 1.9 and 4.0 times, re-
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spectively on 512 cores. For MPI Allreduce, our opti-
mizations improve the performance by as much as 33%
on the multicores. Further, we observe upto three times
improvement in performance for matrix multiplication
benchmark on 512 cores.

1 Introduction

Recently, the supercomputing arena is witnessing an
explosive growth in terms of raw computational power.
This is fueled primarily by two major hardware ad-
vances: the emergence of multicore processors and the
availability of superior commodity cluster interconnects
offering high bandwidth and low latency data transfers.
The recent induction of the Ranger [15] cluster exem-
plifies this phenomenon with core counts in the cluster
exceeding 50,000. InfiniBand, which is being deployed
widely, is used as the network interconnecting the differ-
ent nodes of the cluster. Harnessing this massive amount
of computational power for different scientific and engi-
neering applications poses a fundamental challenge in
the high performance computing domain.

MPI [13] has emerged as one of the primary pro-
gramming paradigms for writing efficient parallel ap-
plications. It provides for a plethora of communica-
tion primitives with operations geared towards point-to-
point and collective communications. Especially, collec-
tive operations such as MPI_Bcast, MPI_Allreduce and
MPI_Allgather are important as they are widely used in
a variety of application kernels [10]. Thus, improving
their performance is key to enabling very high parallel
speed-ups for parallel applications.

Significant research has been carried out in the past
for improving collective communication using novel
parallel algorithms and platform specific optimizations.



In fact, these are very tightly interlinked with the lat-
ter influencing the design of the parallel algorithms em-
ployed. In this context, one main question that arises is
whether the collective routines currently employed per-
form optimally on the new multicore platforms or do
they require systematic re-thinking and evaluation.

Recent designs of multicore processors feature var-
ious architectural attributes resulting in several inter-
esting ramifications. One such architectural feature is
the design of multi-level cache hierarchies. The two
broad strategies deployed in the current day multicores
exist in processors from Intel and AMD. Intel proces-
sors provide a shared L2 cache where as AMD multi-
cores deploy HyperTransport links for quick data trans-
fers. Also, these architectures employ efficient cache co-
herency protocols for cases where the caches cannot be
shared across the nodes. However, irrespective of these
different hierarchies, both the systems enable very fast
sharing of data across the cores. Further, to scale the
bandwidth available to the coherency traffic, the cores
are either connected via multiple buses as in Intel or by
2-D mesh HyperTransport links. Apart from providing
good data movement capabilities across the processing
cores, the caching hierarchies are useful in reducing the
pressure on the memory bandwidth. This is especially
true for scenarios when concurrent network transactions
and intra-node communications occur.

Understanding the effects of these multicore specific
characteristics can potentially benefit different collec-
tive operations and guide the design process to achieve
optimal algorithms. In this paper, we optimize the
widely used collective operations such as MPI_Bcast,
MPI_Allgather, MPI_Alltoall and MPI_Allreduce over
the multicore clusters. Further, we characterize the be-
havior of these algorithms taking into account the im-
pact of different architectural attributes of multicores.
Specifically, we aim to answer the following questions.

e How can the current algorithms for MPI_Bcast and
MPI_Allgather be re-designed or adapted to exist-
ing multicore architectures?

e What optimizations can be carried for collectives
such as MPI_Allreduce and MPI_Alltoall within a
node taking into account data movements across
the different cache/memory modules?

e What is the interplay between cache-to-memory
and memory-to-network data transfers for the ex-
isting Intel Clovertown clusters?

e What are the benefits of the collective operations
for an important application kernel, matrix multi-
plication?

We have implemented our designs and integrated
them into MVAPICH [9] which is a widely used MPI
implementation for InfiniBand clusters. We have eval-
uated our designs over the dual socket, quad-core In-
tel Xeon Clovertown and quad socket, dual-core AMD
Opteron systems. The optimizations proposed in this pa-
per reduce the latency of MPI_Bcast and MPI_Allgather
by 1.9 and 4.0 times on 512 cores respectively. For
MPI_Allreduce, our optimizations improve the perfor-
mance by as much as 33% on the multicores. We also
see performance gains upto three times for the matrix
multiplication benchmark. Moreover, we also demon-
strate the benefits of Opteron’s architecture for intra-
node MPI_Allreduce compared to Intel’s Clovertown.

The rest of the paper is organized in the following
way. In Section 2, we provide the background of our
work. In Section 3, we explain the motivation for our
scheme. In Section 4, we discuss the detailed design
issues. We evaluate our designs in Section 5 and talk
about the related work in Section 6. Conclusions and
Future work are presented in Section 7.

2 Background

In this section, we first provide an overview of Intel
Clovertown and AMD Opteron multicore platforms. We
then present the standard algorithms currently used for
different collective operations.

Intel Clovertown Architecture: We describe some
of the important details of Intel Clovertown multicore
architecture [6] in this section. These chipsets consist of
dual sockets with quad cores in each of the sockets and
a pair of adjacent cores share a common L2 level cache
of size 4MB. Also, each of the socket has its own Front
Side Bus(FSB) with a bus based snooping protocol to
handle cache coherency.

AMD Opteron Architecture: AMD multicore
Opterons [1] are based on NUMA architecture with each
of the sockets sharing independent memories. The num-
ber of cores in each of the sockets can vary from one
to four with the latest Barcelona systems. All of the
cores have independent L2 caches. Point-to-point Hy-
perTransport links provide the required bandwidth scal-
ability between the cores. Further, these links are con-
nected by a 2-D mesh topology providing for scalable
and less congestion-prone on-chip interconnection net-
work.

Collective Algorithms: In this section we present
the different algorithms used for MPI collectives.
MPI _Bcast uses multiple algorithms based on the mes-
sage size. For small messages, binomial tree algo-



rithms are widely employed. Large message broad-
cast involves a more complex approach of doing a scat-
ter followed by an allgather. For shared memory sys-
tems, pipelining is employed to allow overlap and im-
prove buffer utilization [17]. The most popular algo-
rithms for MPI_Allgather are recursive doubling algo-
rithms for short messages and ring algorithm for large
messages [3]. All of these algorithms are currently em-
ployed in MPICH [5, 16]. The recursive doubling algo-
rithm consists of log(n) steps where the data for each
step doubles. For MPI_Allreduce, pair-wise exchange is
used for small messages across the network and reduce-
scatter followed by an allgather is used for large mes-
sages. In reduce-scatter, the data is recursively halved
and reduced after each step for a total of log(n) steps.
For intra-node MPI_Allreduce, the most popular imple-
mentation uses shared memory where a specific process
reduces the data in a shared buffer to be copied by ev-
eryone else afterwards. MPI_Alltoall [16] uses a pair-
wise algorithm for large messages where every process
directly exchanges messages with every other process.
There are a total of (n — 1) steps where in step 7 process
with rank » communicates with process ranked r @ <.

3 Communication in Multicores

The advent of multicore processors presents several
opportunities and challenges for designing efficient col-
lective operations. For efficient design of these opera-
tions, it is important to first understand the communi-
cation trends over the multicores. In this section, we
conduct different experiments involving both inter- and
intra-node communication followed by those involving
intra-node communication. Our rationale to focus also
on intra-node optimizations is that the core count is ex-
pected to increase rapidly in the coming years. Thus,
depending on the applications’ characteristics, signifi-
cant amount of communication time can be spent in ex-
changes messages within the node. Our first test mea-
sures the impact of L2 cache sharing in Intel Clovertown
architecture.

L2 cache sharing in Intel Clovertown: To elucidate
the impact of L2 cache sharing, we perform a simple
micro-benchmark evaluation. In this test, a message of
size 16,384 bytes is exchanged between a set of nodes
as shown in Figure 1. The message buffers on each
node are shared across all the cores. In this way, one
process per node initiates the message transfer and all
the other processes on the nodes copy data directly from
this buffer. The test is run by varying the number of pro-
cesses on each node to a maximum of eight processes
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Figure 1. Send-Recv latency test

per node. The results of this benchmark are shown in
Figure 2(a). As seen from the graph, latency remains
constant for processes upto four on each node and then
steps to a higher level. This corresponds to core count of
eight in the Figure. In our test all the four processes are
scheduled on the same socket. This is clearly due to the
impact of L2 cache sharing and faster cache-coherency
protocol within each socket of the Clovertown platform.
This attribute potentially benefits MPI level broadcast
operations where the same data is sent to multiple pro-
cesses.

Reduction operations within a node: One of the
primary methods of doing reduction within a node has
been to use shared memory segments to copy the data
into and do the necessary arithmetic. For example, in
MPI_Allreduce all the processes copy the data into a
shared buffer, followed by reduction by one of the pro-
cess. After the reduction, the data is copied back into
the respective receive buffers. Though this technique is
optimal for short messages, it does not scale for large
messages. This is shown in the Figure 2(b) where a more
distributed approach of point-to-point reduce-scatter fol-
lowed by allgather performs the best. This approach
fares better than the pair-wise exchange and the basic
shared memory method though there are extra memory
copies involved. Thus, more optimized shared memory
approaches need to be investigated. Further, the cache
and memory hierarchies play a crucial role in determin-
ing the optimality of these approaches.

Scheduling data movement over HyperTransport:
In this test, we conduct different tests across two pairs of
communicating processes. Two of the processes are run-
ning on one socket while the other two are on a different
socket. Each process in a pair sends and receives mes-
sage from the other process separated by one hop dis-
tance over the HyperTransport. However, there are three
different methods of exchanging these messages. The
first method is to use non-blocking send/receive func-
tions provided in MPI. The other method is to use the
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nication over HyperTransport

blocking modes of these function. Even with this case,
the sends can be issued by both the pairs in one direc-
tion over HyperTransport followed by those from other
direction. Or, to utilize the full bidirectional bandwidth
of HyperTransport, sends can be issued in opposite di-
rections. We test all these cases and notice that the last
method which utilizes the full bidirectional bandwidth
performs the best, as shown in Figure 2(c).

In the remaining sections of the paper, we explore
all these issues and use the insights obtained to opti-
mize different collective operations such as MPI_Bcast,
MPI_Allgather, MPI_Allreduce and MPI_Alltoall.

4 Design

In this section, we discuss our proposed op-
timizations for collective functions: MPI_Bcast,
MPI_Allgather, MPI_Allreduce and MPI_Alltoall. For
these collective operations, we focus on large message
optimizations in this paper.
and

4.1 Optimized MPI _Bcast

MPI_Allgather

As discussed in earlier sections, the multicore clus-
ters provide faster sharing of data within a node. Further,
data transfer operations can be overlapped within a node
and across the nodes. These useful insights can be chan-
neled to develop efficient MPI_Bcast and MPI_Allgather
collective operations.

From section 2, the default algorithm used to design
MPI_Bcast for large messages is a scatter operation fol-
lowed by an all-to-all broadcast or MPI_Allgather of the
data. This algorithm performs optimally for clusters
having one process per node. However, when multiple
processes are launched on the same node this algorithm
needs to be modified.

The basic building block of our re-designed broadcast
algorithm is the shared memory based all-to-all broad-
cast of the data using a ring topology. In this design,

we allow for a single process per node to perform all
the inter-node collective communication while the re-
maining processes are involved in intra-node communi-
cation. The process which does all the inter-node com-
munication is called the leader. In the new design for
MPI_Bcast, the collective communication can be broken
down into three steps. In the first step, the root process
copies the message to the shared buffer and the leader of
the node scatters the message to all the other leaders. A
binomial recursive halving algorithm is used to scatter
the data. In the second step, all the leaders are involved
in inter-node ring communication as shown in Figure 3.
This step corresponds to the MPI_Allgather of the data.
The number of steps involved would be n-1 where n is
the number of leaders. The third step involves a copy of
the data from the network buffer to the user buffers. This
step can be done after the entire network communication
is done or can be overlapped. We have taken the latter
approach by overlapping network transfers with shared
memory copying of data. In our approach the network
buffers are shared across all the processes to facilitate
direct copy of data.

Step 2: Allgather Ring

Step 1: Scatter
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Figure 3. Optimized Broadcast Algorithm

Impact of L2 cache sharing of Intel Clovertown:
In this section, we try to understand the behavior of the
above mentioned algorithm on an Intel Clovertown mul-
ticore cluster. As discussed above, after each communi-
cation step of the ring, the local processes copy the data



from the shared buffer to the respective receive buffers.
Since the processes share L2 Caches and they copy the
same chunk of data from shared memory after each step,
several interesting observations can be made about the
behavior of the collective algorithm. Firstly, the intra-
node communication overhead would be greatly reduced
due to the high bandwidth of L2 caches, provided the
communication buffers are appropriately cached. Sec-
ondly, with the increase in the number of cores partici-
pating in the collective, we do not expect the latency of
the collective to change till the intra-node copy time ex-
ceeds the inter-node latency. For example, if the extra
cores participating in the operation belong to the same
socket, the latency should marginally increase as the
caches within the socket are efficiently shared. Only
when the cores added are derived from two different
sockets do we expect an appreciable jump to occur in the
latencies. Thus, we observe that the shared L2 Cache
architecture effectively reduces the contention on the
memory especially when concurrent network transac-
tions occur together with intra-node message copying.
We experimentally evaluate these effects in the perfor-
mance evaluation section of the paper.

4.2 Optimized MPI_Allreduce

In the default shared memory algorithm for allreduce,
only a single core does the reduce, while other cores are
idle during that time. In this section, we propose two
algorithms for allreduce collective that utilize the com-
putational power of multiple cores inside a node. The
first algorithm is a very basic approach of parallelizing
the computation. In the second algorithm, we propose
mechanisms to improve the performance even further by
leveraging the architecture of multicores.

In the basic approach of doing MPI_Allreduce, the
computation is delegated to all the cores in a straight
forward manner. We illustrate this with an example con-
sisting of four processes within a node, Figure 4. As
described in the figure, each process copies its data into
different blocks of the shared memory region based on
their respective ranks (step O of the figure). Please note
that after this step, the respective data blocks will be lo-
cated closer to the process either in the cache in the case
of Intel Clovertown and AMD Opteron or also in mem-
ory as in the case with NUMA Opterons. In the next
step, each block of shared memory is divided into four
sub-blocks corresponding to the number of processes.
Now, every process operates on one sub-block from ev-
ery block of the shared region. For example process O re-
duces sub-blocks 0a, Ob, Oc and 0d to the memory space
of Oa and the result is sub-block OR. Similarly process

1 reduces sub-blocks 1a, 1b, 1c and 1d resulting in sub-
block IR and so on. In step 3, each process copies the
entire zero block, containing sub-blocks OR, IR, 2R, 3R,
to their own local memories.

Now, a close observation leads to the fact that the last
algorithm can suffer from cache/memory access con-
tention. This is because all the processes follow the
same order of accessing the blocks in the shared mem-
ory region. Thus, we design another allreduce algorithm
that keeps the parallelism of the previous one, but in ad-
dition utilizes a cyclic approach to eliminate the draw-
back of the previous algorithm. In this approach, steps
0 and 1 are same as above except that the reduction and
gathering of the data is done in a cyclical manner. In the
example considered, process 0 reduces in order Oa, Ob,
Oc, 0d whereas process 1 reduces in order 1b, lc, 1d, la.
Similarly, in step 3, each process copies the sub-blocks
of the result into its local memory in a cyclic fashion.
This important optimization is expected to yield signifi-
cant benefits in modern multicore machines having dis-
tributed cache and memory hierarchies.

0 1 (STEP 0) 2 3

Oal la| 2a| 3a [ Ob|1b | 2b | 3b Oc Ic 2c 3c [0d | 1d | 2d | 3d

0 1 (STEP 1) 2 3

OR| IR| 2R | 3R

0 1 (STEP 3 for parallel allreduce) 2 3

OR| IR 2R 3R

0 1 (STEP 3 for cyclic—allreduce) 2 3

Figure 4. Optimized shared memory allire-
duce schemes

4.3 Optimized Shared

MPI_Alltoall

Memory

In this section, we explain the scheduling of the op-
erations for MPI_Alltoall over the HyperTransport links
of Opteron multicore architecture. The basic idea be-
hind our approach is to completely utilize the bidirec-
tional bandwidth of the links interconnecting the differ-
ent cache and memory modules of the Opteron architec-
ture.

As explained in the earlier section 3, we convert all
the non-blocking operations into their blocking coun-
terparts. Since MPI_Alltoall uses a pair-wise algorithm
with every process talking to every other process, there
would be n(n — 1) pairs in total. For each of the pairs,



communication schedule is constructed in such a man-
ner that the data transfer happens in both directions at
any given point in time. This schedule would keep the
links busy through out the whole operation.

5 Performance Evaluation

In this section we compare the performance
of the new designs of MPI_Bcast, MPI_Allgather,
MPI_Allreduce and MPI_Alltoall. We first explain the
testbed used in our evaluations.

5.1 Experimental Testbed

We have conducted our tests on an Intel cluster of 64
nodes for inter- and intra-node collectives. Each node
is a dual Intel Xeon Clovertown processor with quad
core possessing a shared 4MB cache for two cores. The
nodes are interconnected by InfiniBand HCAs in DDR
mode. The operating system used is Redhat Linux AS4.
For opteron, we did not have access to a large scale
cluster. For intra-node collectives, we evaluated our de-
signs on a quad-socket, dual core opteron. Each of the
cores contains a IMB L2 cache. We have evaluated our
designs on varying configurations such as 64X4 (i.e.64
nodes with 4 process on each node) and 64X8.

5.2 MPI_Bcast Latency

We measure the MPI_Bcast Latencies and the results
are as shown in Figures 5(a) and 5(b) for 64 nodes of the
cluster. In each of the graph we compare our new design
with the original design. As discussed earlier, the orig-
inal design employs a point-to-point reduce-scatter fol-
lowed by allgather without taking into account the local-
ity of the processes. The results for original design show
different performance when the processes are scheduled
in a block and cyclic fashion. As can be seen the new
design proposed in this paper gives better performance
for any distribution of processes. We obtain speed-ups
of upto 1.78 and 1.90 for the two configurations.

In the second experiment, we measure MPI_Bcast la-
tency on four Intel nodes by gradually increasing the
cores participating in MPI_Bcast from each node. We
go from one to eight processes per node since each
node has 8 cores. The results can be seen in the Fig-
ure 5(c). In each of the configuration, two experiments
were conducted with processes being scheduled in a
node in socket-block or socket-cyclic manner. As can be
seen from the Figure 5(c), initially for 4X1 both the tests
show the same latency since both the configurations are

same. As we increase the processes to 4X2 the socket-
cyclic method of scheduling causes greater latency than
socket-block. This is because, in socket-block method
the processes share L2 Cache and hence the copy time
is negligible which is not the case in socket-cyclic. This
continues till 4X4 configuration and then after that both
the methods produce the same latency as both the meth-
ods have processes on each of the sockets. Please note
that in Figure 5(a), the new scheme performs poorly for
message less than 1 MB. This is because by default the
processes are distributed in socket-cyclic manner in our
test cases.

5.3 MPI_Allreduce Latency

We have evaluated the performance of the newly pro-
posed parallel algorithms with the existing allreduce al-
gorithms for the two different multicore architectures.
Figures 6(b) and 6(c) show the performance of exist-
ing and the two new allreduce algorithms for the AMD
Opteron and Intel Clovertown architecture, respectively.
The legend “shmem-parallel” corresponds to the basic
algorithm where all processes accesses different blocks
in the same order. The “shmem-cyclic” legend refers
to the optimized parallel algorithm where the processes
access the different blocks in a cyclical manner. From
the figures it can be seen that the shmem-cyclic per-
forms the best of all the three. We improve the per-
formance by 23% on NUMA opteron and by 32% on
Intel Clovertown. One interesting observation to make
is that on Intel Clovertown, both shmem-cyclic and
shmem-parallel perform identically where as on NUMA
Opteron, shmem-cyclic performs the best. Owing to
the NUMA and the different HyperTransport links con-
necting the different cache and memory modules, AMD
Opteron fares better due to increased level of parallelism
and lower contention.

5.4 MPI_Alltoall Latency

In this section, we compare the proposed optimiza-
tion of scheduling the send/receive operations over the
bi-directional HyperTransport links connecting different
sockets in AMD Opteron. The results are described in
Figure 6(c). As shown in the figure, the new optimiza-
tion improves the latency of MPI_Alltoall by around
15% compared to the original scheme. We expect to
see much higher performance gains as the core counts
increase per socket.
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5.5 MPI_Allgather Latency

Figure 7 shows the results for MPI_Allgather latency
on 64 node Intel Clovertown cluster. Depending on the
message size, the new design outperforms the current
one by a factor of by a factor of upto four on 64x8 con-
figurations.

The benefits of MPI_Allgather can also be seen
from the Matrix Multiplication Kernel which uses
MPI_Allgather collective communication. The applica-
tion is run with different matrix sizes (double data type
matrix elements) starting from 16x16 and upto 512x512.
Figure 8 shows the performance gain with increasing
message sizes. For 512x512 sizes, we improve the per-
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formance by as much as three times compared to the
default implementation.

6 Related Work

Utilizing shared memory for implementing collec-
tive communication has been a well studied problem
in the past. In [17], the authors propose using remote
memory operations across the cluster and shared mem-
ory within the cluster to develop efficient collective op-
erations. They apply their solutions to Reduce, Bcast
and Allreduce operation. The authors evaluate their ap-
proach on IBM-SP systems. In this paper, we evaluate
the SMP-based collectives taking into account the mul-
ticore aspect of the clusters. Specifically, we develop al-



gorithms and gain insights into their performance on the
latest platforms from Intel and AMD. Optimizing collec-
tives on hierarchical architectures have also been studied
by Bull [4] in the context of Itanium based NUMA ma-
chines. In our work, we focus on the Intel and AMD
based multicore systems.

In [2, 12], the authors implement collective opera-
tions over Sun systems. However, in their design and
evaluation they do not take into account any cache ef-
fects. Instead, their designs focus on optimal utilization
of memory bandwidth by taking advantage of multiple
memory banks. In [18], the authors improve the per-
formance of send and recv operations over shared mem-
ory and also apply the techniques for group data move-
ment. Collectives for single process per node over Infini-
Band have been studied for MPI_Barrier, MPI_AlltoAll,
MPI_Allgather [7, 11, 14] based on RDMA techniques.
Shared memory collectives using RDMA have been ex-
plored in [8]. The benefits obtained here were due to
savings from avoiding copy costs.

7 Conclusions and Future Work

Optimizing MPI collective communication on
emerging multicore clusters is the key to obtaining good
performance speed-ups for many parallel applications.
However, designing these operations on the modern
multicores is a non-trivial task. On the other hand,
modern multicores such as Intel’s Clovertown and
AMD’s Opteron feature various architectural attributes
resulting in interesting ramifications. For example,
Clovertown deploys shared L2 caches for a pair of
cores where as in Opteron, L2 caches are exclusive to a
core. Understanding the impact of these architectures
on communication performance is crucial to designing
efficient collective algorithms. In this paper, we have
systematically evaluated these architectures and used
the insights to develop efficient collective operations
such as MPI_Bcast, MPI_Allgather, MPI_Allreduce and
MPI_Alltoall. Further, we characterized the behavior
of these collective algorithms on multicores especially
when concurrent network and intra-node communica-
tions occur. We also evaluated the benefits of multicore
Opteron’s architecture for intra-node MPI_Allreduce
compared to Intel’s Clovertown. The optimizations
proposed in this paper reduce the latency of MPI_Bcast
and MPI_Allgather by 1.9 and 4.0 times on 512 cores
respectively. For MPI_Allreduce, our optimizations
improve the performance by as much as 33% on the
multicores. Further, we see performance gains upto
three times for the matrix multiplication benchmark
on 512 cores. For our future work, we plan to carry

out more in-depth design and evaluation of optimal
algorithms for all the important collectives taking into
account the on-chip interconnection topologies.
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