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Abstract—Recently, high-end reconfigurable computing systems that employ Field-Programmable Gate Arrays (FPGAs) as hardware
accelerators for general-purpose processors have been built. These systems provide new opportunities for high-performance
computing. However, the coexistence of the processors and the FPGAs in them also poses new challenges to application developers.
In this paper, we build a design model for hybrid designs, that is, designs that utilize both the processors and the FPGAs for
computations. The model characterizes a reconfigurable computing system using various parameters, including the floating-point
computing power of the processors and the FPGAs, the number of nodes, the size of multiple levels of memory, the memory
bandwidth, and the network bandwidth. Based on the model, we propose a design methodology for hardware/software codesign. The
methodology partitions workload between the processors and the FPGAs, maintains load balance in the system, and realizes
scalability over multiple nodes. Designs are proposed for several computationally intensive applications: matrix multiplication, matrix
factorization, and the Floyd-Warshall algorithm for the all-pairs shortest-paths problem. To illustrate our ideas, the proposed hybrid
designs are implemented on a Cray XD1. Each node of XD1 contains AMD 2.2-GHz Opteron processors and a Xilinx Virtex-II Pro
FPGA. Experimental results show that our designs utilize both the processors and the FPGAs efficiently and overlap most of the data
transfer overheads and network communication costs with the computations. Our designs achieve up to 90 percent of the total
performance of the nodes and 90 percent of the performance predicted by the design model. In addition, our designs scale over a large
number of nodes.

Index Terms—Reconfigurable hardware, computations on matrices, parallel algorithms.
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1 INTRODUCTION

FIELD-PROGRAMMABLE Gate Arrays (FPGAs) are a form of
reconfigurable hardware. They offer the design flexibility

of software but with time performance closer to Application-
Specific Integrated Circuits (ASICs). Due to their low
computing densities, early FPGAs were mainly used for
applications that are not computationally demanding. How-
ever, with rapid advances in technology, current FPGA
devices contain much more resources than their predeces-
sors. For example, a Xilinx Virtex-5 FPGA contains millions of
gates, several megabytes ofon-chip memory, as well as a large
number of hardware primitives such as DSP slices [1]. Thus,
FPGAs have been used to accelerate applications in scientific
computing [2], scientific simulation [3], image processing [4],
and data encryption [5]. Many efforts have also been made to
simplify the design flow [6], reduce power consumption [7],
and enable runtime reconfiguration [8].

With these trends, high-end reconfigurable computing
systems that employ FPGAs as application-specific accel-
erators have been built. Such systems include SRC 6 and 7 [9],
Cray XD1 and XT3/XT4 [10], SGI RASC [11], among others.
These systems contain multiple nodes that are connected
through an interconnect network. Each node contains both
FPGAs and general-purpose processors.

Reconfigurable computing systems provide multiple
levels of parallelism. Coarse-grain parallelism can be em-
ployed on multiple nodes, while fine-grain parallelism can be
exploited on the FPGAs. Moreover, within each node, the
processors and the FPGAs can collaborate to compute
the tasks assigned to the node. With both the FPGAs and
the processors, these systems promise to achieve high-
performance applications in various areas, such as scientific
computing, bioengineering, and medical imaging.

However, to utilize effectively reconfigurable computing
systems, certain design challenges have to be addressed.
One challenge is the workload partition between hardware
(FPGA accelerators) and software (programs executed on
the processors) within each node. An efficient partitioning
technique should consider not only the computing power of
the processor and the FPGA but also the data transfer time
and the coordination cost between them. Another design
challenge is the scalability over multiple nodes. In parti-
cular, when data are exchanged between two nodes, the
workload partition within each node should be adjusted so
that the network communication costs are overlapped with
the computations.

In this paper, we build a design model based on the
architectures of existing reconfigurable computing systems.
The model provides various design parameters to analyze
a system, including the floating-point computing power of
both the processor and the FPGA, the number of nodes,
the size of multiple levels of memory, the memory
bandwidth, and the network bandwidth. A design meth-
odology is then presented for proposing hybrid designs
that utilize both the processors and the FPGAs in the
system for computations. This methodology not only
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performs hardware/software codesign but also maintains
load balancing in the system. As far as we know, such
model and methodology have not been investigated
thoroughly in previous research.

In our work, we study several sample applications:
matrix multiplication, block LU decomposition for matrix
factorization, and the block Floyd-Warshall algorithm [12]
for all-pairs shortest-paths problem. These applications are
used extensively in scientific computing and are computa-
tionally intensive and suitable for hardware acceleration.

For each application, we first identify its various tasks.
Based on the inherent attributes of the tasks as well as the
system parameters, workload partition between the hard-
ware and the software is performed. The partition is further
optimized by overlapping the computations with the data
transfer and network communications. Within each node,
the computations on the FPGAs and processors are
coordinated so that data hazards and memory access
conflicts are avoided. The load among multiple nodes is
balanced so that none becomes a performance bottleneck.

The tasks in matrix multiplication are block multi-
plications, which are allocated to the nodes and partitioned
between the processors and the FPGAs. For block LU
decomposition, only one type of task is suitable for
partitioning and is executed on both the processors and
the FPGAs. The other types of tasks run on the processor of
one node only. None of the tasks of block Floyd-Warshall is
partitioned between the hardware and the software.
Instead, a task is assigned entirely either to the processors
or to the FPGAs.

When there are a large number of nodes in the system,
they are arranged into multiple groups. Distributed algo-
rithms are proposed, which regard each group as a single
node. The workload partition within a group is then
modified to overlap the communications among the groups
with the computations. A design for matrix multiplication
that scales over a large number of nodes is described as an
example.

To illustrate our ideas, we implemented our designs on
Cray XD1, a state-of-the-art reconfigurable computing
system. In our implementations, one 2.2-GHz AMD
Opteron processor and one Xilinx XC2VP50 FPGA in
each node were used. Multiple nodes communicate using
Message Passing Interface (MPI) [13]. On the FPGAs, we
employed existing FPGA-based designs and our own IEEE
754-compliant double-precision floating-point units [14].
Our design tools included the Xilinx ISE 7.1i and Mentor
Graphics ModelSim 5.7 [1], [15]. On the processors, we
executed the routines in the AMD Core Math Library
(ACML) [16], which are optimized for AMD processor
family. Two baseline designs were also implemented: the
“FPGA-only design” used the FPGAs in the nodes only,
while the “Processor-only design” employed only the
processors.

Using six nodes in one chassis of XD1, our hybrid
design achieves 22 GFLOPS for matrix multiplication. For
block LU decomposition and block Floyd-Warshall, our
designs achieve 20 GFLOPS and 6.6 GFLOPS, respectively.
The speedups achieved over the baseline designs vary
with the applications. In particular, our design for block

Floyd-Warshall achieves 5.8� speedup over the Processor-
only design, while the other two designs achieve
2� speedup over the FPGA-only design. Experimental
results also show that our designs achieve up to 90 percent
of the total performance of the nodes and more than
85 percent of the performance predicted by the design
model. In addition, the performance of our designs
increases when either the computing power of the nodes
or the number of nodes increases. In particular, when there
are 12 chassis in XD1, a performance of 232.5 GFLOPS can
be achieved by our design for matrix multiplication.

The rest of this paper is organized as follows: Section 2
introduces the background and the related work. Section 3
discusses representative systems and architectural details of
state-of-the-art reconfigurable computing systems. Section 4
presents our design model and design methodology.
Section 5 proposes our designs for the sample applications.
Section 6 presents and analyzes the performance of our
designs. Section 7 discusses scalable designs across a large
number of nodes. Section 8 concludes this paper.

2 BACKGROUND AND RELATED WORK

2.1 Scientific Computing on FPGAs
FPGAs provide a hardware fabric upon which applications
can be programmed. FPGAs are based on lookup tables,
flip-flops, and multiplexers. An FPGA device consists of
tens of thousands of logic blocks (a cluster of slices), whose
functionality is determined by programmable configuration
bits. These logic blocks are connected using a set of routing
resources that are also programmable. Thus, mapping a
design to an FPGA consists of determining the functions to
be computed by the logic blocks and using the configurable
routing resources to connect the blocks.

Many researchers have studied the impact of the
increasing computing power of current FPGAs. In [17],
we proposed a design for floating-point dense matrix
multiplication. In [18], a block matrix multiplication
algorithm is discussed for large n, and a floating-point
Multiplier and ACcumulator (MAC) is implemented. These
designs achieve higher performance than general-purpose
processor-based systems. In [19] and [20], FPGA-based
designs for floating-point sparse matrix-vector multiplica-
tion are proposed and achieve high speedup over the
general-purpose processors. In [2], FPGA-based implemen-
tations of Basic Linear Algebra Subprograms (BLAS)
operations are discussed. The potential capacity of the
FPGAs in performing BLAS operations is also examined. In
[21], a solution for the all-pairs shortest-paths problem is
implemented on one node of Cray XD1. El-Kurdi et al.
proposed an FPGA-based striping method for sparse
matrix-vector multiplication for the iterative solvers of
large, sparse systems of equations arising from Finite-
Element Method (FEM) applications [22], [23]. In all the
designs mentioned above, only the computing power of the
FPGAs is utilized. In this paper, we aim to exploit the computing
power of both the FPGAs and the processors in reconfigurable
computing systems.
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2.2 Models for Reconfigurable Computing Systems
In [24], the authors proposed a performance model for
molecular dynamics on reconfigurable computing systems.
They executed the most intensive task in a molecular
dynamics simulation system on the FPGAs and the rest on
the general-purpose processors. They then modeled the
performance of several alternatives for the tasks mapped to
the FPGA. In [25], an FPGA-based design for the Conjugate
Gradient iterative method is developed using a high-level
language (HLL)-to-hardware description language (HDL)
compiler on an SRC 6. We proposed a simple method for
partitioning matrix multiplication and block LU decomposi-
tion in [26]. In contrast to these results, in this paper, we
propose a generic design model that can be applied to a class
of applications. In addition, our model not only considers the
computing power of the processor and the FPGA but also the
data transfer time and the network communication costs.

Various programming models have been proposed for
reconfigurable computing systems. The work in [27] starts
from high-level representation and provides methods to
explore hardware/software trade-offs based on profiling of
the source code. C code is automatically derived with
certain kernels tagged for FPGA implementations. In [28], a
unified programming model is presented for specifying
application threads from a single application program. The
threads are either compiled to run on the processor or
synthesized to run on the FPGA. These efforts focus on
facilitating the programming and compilation on a single
node. On the other hand, our work focuses on the effective
utilization of both the processor and the FPGA within
multiple nodes.

3 RECONFIGURABLE COMPUTING SYSTEMS

3.1 Representative Systems
Many reconfigurable computing systems are available.
These include SRC reconfigurable computers, Cray reconfi-
gurable systems, and SGI RASC.

3.1.1 SRC Reconfigurable Computers [9]
In SRC reconfigurable computers, the basic architectural
unit, MAPstation, contains one Intel microprocessor and
one reconfigurable logic resource called the MAP processor.
In SRC 7, each MAP processor consists of two Altera FPGAs
and one FPGA-based controller. The Altera FPGAs have
access to eight banks of onboard (SRAM) memory of a total
size of 64 Mbytes. The SRAM memory bandwidth is
19.2 Gbyte/s. The FPGA controller facilitates communica-
tion and memory sharing between the processor and the
FPGAs. The bandwidth between the FPGAs and the
processor is 14.4 Gbyte/s. Multiple MAPstations can be
connected by Ethernet to form a cluster.

3.1.2 Cray Reconfigurable Systems [10]
The basic architectural unit of Cray XD1 is a compute
blade, which contains two AMD Opteron processors and
one Xilinx Virtex-II Pro FPGA. Each FPGA has access to
four banks of QDR II SRAM. The total SRAM bandwidth
available to each FPGA is 12.8 Gbyte/s. Through Cray’s
RapidArray processors, the FPGA can access the DRAM of
the processors at a bandwidth of 2.8 Gbyte/s. Six compute
blades fit into one chassis, and multiple chassis can be
connected to form larger systems. The hardware architec-
ture of XD1 is shown in Fig. 1. The “RT” between
RapidArray Processor and the FPGA refers to the
RapidArray Transport links designed by Cray.

The recently introduced supercomputers of Cray, XT3,
and XT4, also support reconfigurable computing by incor-
porating FPGA modules from DRC [29]. Each DRC module
contains a Virtex-4 FPGA and SRAM memory of up to
64 Mbytes. The module has access to adjacent Opteron
processors and DRAM memory at a bandwidth of up to
6.4 Gbyte/s.

3.1.3 SGI RASC
SGI has proposed Reconfigurable Application Specific
Computing (RASC) technology, which provides hardware
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acceleration to SGI Altix servers [11]. In an SGI RASC
RC1000 blade, there are two Xilinx Virtex-4 FPGAs. The
FPGAs are connected to an 80-Gbyte SRAM memory at a
bandwidth of 3.2 Gbyte/s. Each blade is directly connected
to the shared global memory in the system through the SGI
NUMAlink4 interconnect, at a bandwidth of 6.4 Gbyte/s.

3.2 Memory Hierarchy
Inside each node, the FPGA has access to multiple levels of
memory that have various storage capacities and band-
widths. The first level is the on-chip memory of the FPGA,
usually Block RAMs (BRAMs). BRAMs are embedded
hardware primitives on FPGA fabrics. In a large state-of-
the-art device, the aggregate memory bandwidth of BRAMs
is over 100 Gbyte/s, while the total size is usually less than
10 Mbits.

The second level of memory is off-chip but onboard
memory, which is usually SRAM. To access this memory,
the FPGA-based designs must incorporate certain memory
controllers. The storage capacity of the SRAM memory is
much larger than that of the BRAM memory, while its
bandwidth to FPGA is much lower. The FPGA also has
access to the main memory of the general-purpose
processor, which is usually DRAM memory and is in the
range of gigabytes. The bandwidth between the DRAM and
the FPGA is usually less than 10 Gbyte/s.

These various levels of memory together form a memory
hierarchy. We refer to the BRAM memory as Level A, the
SRAM as Level B, and the DRAM as Level C. The typical
values of memory size and memory bandwidth are shown
in Table 1.

The memory hierarchy in the reconfigurable computing
systems is quite similar to that in the general-purpose
processor systems. However, the bandwidth of the first
memory level in reconfigurable computing systems is
much higher. This permits high computational parallelism
and I/O parallelism in such systems. Second, an applica-
tion executed on a general-purpose processor usually has
no control over the content in the cache. In contrast, FPGA-
based designs in the reconfigurable computing systems
initiate read and write operations to all the levels of
memory and can thus utilize the memory more efficiently.
The third difference is that in reconfigurable computing
systems, the FPGAs can directly access Level C memory
without going through Level B memory.

3.3 Overall System Architecture
Each reconfigurable computing system provides its own
interconnect scheme among the nodes. However, the
overall system architecture is similar. In many of these
systems, a network hierarchy exists: multiple nodes are
connected closely to form a group; multiple groups are

further connected to form a larger system. For example, an
XD1 may contain up to 576 nodes, which are grouped into
48 chassis. When there are fewer than 12 chassis, they are
connected in a fully connected mesh. Otherwise, a fat tree
network structure is used to connect multiple chassis.

We call the network inside a group the “lower
hierarchy,” and the network among the groups the “upper
hierarchy.” The overall architecture of these systems is
shown in Fig. 2. The proposed design methodology can be
applied to both hierarchies. In Section 5, hybrid designs
within a group are proposed. In Section 7, parallel
algorithms over multiple groups are proposed with each
group regarded as a single node.

4 HYBRID DESIGNS FOR RECONFIGURABLE
COMPUTING SYSTEMS

4.1 Design Methodology
We propose a design methodology for hybrid designs on
reconfigurable computing systems. Our model targets
computationally intensive applications that are suitable
for hardware acceleration, such as matrix computations.

Our methodology has the following steps:

1. Identify various tasks in an application. The compu-
tational complexity of the tasks and the dependen-
cies among them are then analyzed.

2. Characterize the hardware resources and the com-
puting capacity of a given system using various
parameters.

3. Perform hardware/software partitioning based on
the system parameters and the attributes (computa-
tional complexity, data dependencies, and so forth)
of the tasks.
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4. Improve the partition by overlapping the computa-
tions with data transfer and network communica-
tions (if multiple nodes are employed).

In the rest of this section, we first propose our design
model and then describe our design methodology in details.
As task identification is dependent on the application, it is
discussed in Section 5 for each sample application.

4.2 Design Model
A reconfigurable computing system can be seen as a
distributed system with multiple nodes. The nodes are
connected through an interconnect network. Each node can
be based on either general-purpose processors, FPGAs, or
both. In this paper, we consider only systems where each
node consists of both FPGAs and processors. Currently, in
such a system, only the processors of the nodes are
connected to the interconnect network. The architectural
model of the system is shown in Fig. 3.

In our work, we assume each node has one processor
and one FPGA. We characterize the system using the
following parameters:

. p: number of nodes in the system. The nodes are
denoted as N0; N1; . . . ; Np�1.

. q: number of groups in the system.

. Cf : floating-point computing power of the FPGA.

. Cp: floating-point computing power of the processor.

. Bd: DRAM memory bandwidth available to the
FPGA-based designs, measured in the number of
bytes transferred between the FPGA and DRAM per
second.

. Bl: network bandwidth between two nodes within
the same group, measured in the number of bytes
transferred per second.

. Bu: network bandwidth between two nodes in two
different groups, measured in the number of bytes
transferred per second.

. M: size of the SRAM memory, measured in bytes.

. bw: word width. Although our work is independent
of data representation, we consider double-precision
floating-point numbers in this paper. bw … 8 bytes.

The computing power is defined as the number of
floating-point operations performed in a second. For both
the processor and the FPGA, the computing power is
dependent on the application. For an FPGA-based design,
we can get exact values of the number of floating-point

operations performed in each clock cycle, Of , and the clock
speed, Ff . Thus, Cf is calculated as Of � Ff . For the
processor, Cp is the sustained performance for a given
application achieved by the chosen software program.

Note that our model does not consider the memory
access latency. For the applications considered, data are
streaming into and out of the FPGA. Therefore, the memory
access latency is only incurred only once. When a large
amount of data is transferred between the FPGA and
DRAM memory, the memory access latency can be ignored.
Similarly, as the communications among the nodes are
restricted to long messages, we ignore the network latency.

Our model is unsuitable for performing hardware/
software codesign for control-intensive applications or
applications that contain few computationally intensive
tasks. In addition, our model is based on approximation.

4.3 Workload Partition
A simple way of partitioning a task within a node is to
execute the computationally intensive part on the FPGA
and use the processor for the control intensive part.
However, in this case, the computing power of the
processor is mostly wasted. Therefore, we partition the
workload of a task between the hardware and software so
that both the processor and the FPGA are fully utilized.
Suppose Np floating-point operations are assigned to the
processor and Nf operations are assigned to the FPGA.
Thus, the computation time (time for execution of the task)
of the processor Tp …

Np
Cp

, and the computation time of the
FPGA Tf …

Nf
Cf

. We choose Np and Nf so that Tp � Tf .
However, the above partition is not accurate because it

does not consider the data transfer time inside a node. As
the input data are stored in the DRAM memory, they must
be transferred to the FPGA. The data are streamed into the
FPGA so that the computations on the FPGA can be
overlapped with the data transfer. However, the computa-
tions on the processor cannot begin until the transfer is
completed. Thus, data transfer time must be included in the
workload partitioning. Suppose there are Dd bytes of data
to be transferred to the FPGA. We have

Tp þ
Dd

Bd
… Tf: ð1Þ

Note that if multiple threads run on a processor, the
transfer time for source data can also be overlapped with
the computations. However, in this case, additional over-
heads such as the cost of context switch and thread
synchronization arise. As we are concerned with providing
a simple yet effective model, we assume the processors are
single threaded.

At the end of the task, the result data generated by the
FPGA need to be transferred back to the DRAM. As such
transfer is initiated by the FPGA, it can be overlapped
with the computations on the processor. Due to spatial
parallelism, the data transfer can also be overlapped with
the computations on the FPGA. Therefore, as an approx-
imation, we do not consider this data transfer time.

Some tasks contain a large number of data dependencies.
If they are partitioned, the coordination and communication
between the processor and the FPGA can easily become the
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performance bottleneck. Therefore, such tasks are assigned
entirely to either the processor or the FPGA. In this case,
Tp � Tf is achieved by tuning the numbers of tasks assigned
to the processor and the FPGA.

4.4 Multiple Nodes
An application can also employ multiple nodes in the
system. Since the nodes communicate through the proces-
sors, the computations on the processors cannot overlap
with the network communications. On the other hand, the
computations on the FPGAs are not affected. Thus, the
partition needs to be adjusted so that the communication
costs are included. Suppose Dl bytes of data need to be
transferred between two nodes within one group. Equa-
tion (1) should be modified as

Tp þ
Dd

Bd
þ

Dl

Bl
… Tf: ð2Þ

If Du bytes of data are transferred between two nodes in
two different groups, the partition should be further
adjusted as

Tp þ
Dd

Bd
þ

Dl

Bl
þ

Du

Bu
… Tf : ð3Þ

When the tasks are assigned to multiple nodes, load
balancing among the nodes is important. If a node is
overloaded, it will become the performance bottleneck in
the system. Thus, in our model, we adjust the number of
tasks assigned to each node so that the execution time of
each node is approximately equal.

4.5 Hardware/Software Coordination
Besides workload partitioning, the coordination between
the processor and the FPGA is also important in the design
model. First, the processor needs to notify the FPGA-based
design to start and to be notified when the computations on
the FPGA are completed. The status registers on the FPGA
are used for this purpose. As the latency for the processor to
check the registers is negligible compared with the
computation time of a task, we do not consider it in our
model. Nonetheless, the frequency of coordination is given
for each sample application.

The second issue is the coordination of memory accesses.
As both the processor and the FPGA have access to the
DRAM memory, memory accesses, especially memory
writes, must be coordinated to avoid conflicts. Therefore,
we need to make sure that the processor and the FPGA
write to separate memory locations. If they have to write to
the same address, a status register is used as the lock
variable of the memory location. Another coordination
issue is data dependency between the processor and the
FPGA. For example, if the FPGA reads the input from the
DRAM memory before the computations on the processor
are complete, read-after-write hazards may occur. Thus, in
our model, the FPGA cannot read the DRAM memory
before getting permission from the processor. Similarly, the
processor must get permission from the FPGA before
reading the SRAM memory.

4.6 Parallelism within FPGA
Although the typical clock speed of FPGA-based designs is
much lower than that of the general-purpose processors,
they can still achieve high performance for certain applica-
tions through spatial parallelism. By configuring multiple
operators on-chip, an FPGA-based design can perform tens,
even hundreds, of operations during each clock cycle. High
I/O parallelism can also be achieved due to the large
number of embedded BRAMs and I/O pins on the FPGA.
On the other hand, the parallelism provided by an FPGA is
also constrained by the available hardware resources on the
device [17]. In this paper, we employ existing FPGA-based
designs to achieve parallelism with an FPGA.

4.7 Performance Prediction
Our design methodology can also be used for performance
prediction. After the values of the system parameters are
determined, the workload for a given application is
partitioned. Then, we can calculate the total execution time
for the application on both the processor ðTtpÞ and the FPGA
ðTtfÞ based on the data dependencies among the tasks. For
simplicity, we assume all the data transfer and network
communications are overlapped with the computations on
the FPGA. Thus, the predicted total latency of the design is
maxfTtp; Ttfg. In Section 6, we compare the predicted
performance with the experimental results of the proposed
designs.

5 SAMPLE APPLICATIONS

In this section, we propose hybrid designs for three sample
applications. We assume p nodes are all in the lower
hierarchy discussed in Section 3.3.

5.1 Hybrid Design for Matrix Multiplication
5.1.1 Algorithm and Architecture
Consider computing C … A�B, where A, B, and C are
n� n matrices. The columns of matrix A are grouped into
column stripes, each of which consists of n

k submatrices of
size k� k. k is the number of Processing Elements (PEs) on
one FPGA and is explained later in this section. Similarly,
the rows of B are partitioned into multiple row stripes. The
architecture of our design for p nodes is shown in Fig. 4.
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Initially, matrices A and B are stored in the DRAM memory
of N0. During the computation, one column stripe of matrix
A and one row stripe of matrix B are read and transferred
to the other nodes at the same time.

For each row stripe of B, Ni ð0 � i � p� 1Þ stores
submatrices i, ðpþ iÞ; . . . ; ðð n

kp� 1Þpþ iÞ into its DRAM
memory. When a submatrix of A arrives at Ni, it is
multiplied with all the stored submatrices of B whose
row indices are the same as its column index.

Each FPGA employs our FPGA-based design for
matrix multiplication proposed in [17]. This design has
k PEs connected in a linear array. Each PE consists of one
floating-point multiplier and one floating-point adder.
This FPGA-based matrix multiplier requires an internal
storage with a total size of �ðk2Þ words. Its effective
latency for each k� k submatrix multiplication is k2 FPGA
clock cycles. The SRAM memory of the FPGAs is used to
store the intermediate results of C.

5.1.2 Workload Partition
With p nodes, the tasks in matrix multiplication are
ðn� nÞ � ðn� n

pÞ block multiplications. Each node per-
forms one task, which is partitioned between the
processor and the FPGA. One simple partitioning assigns
nf rows of A to FPGA and np rows to the processor,
where nf þ np … n and nf

np
… Cf

Cp
.

This partition can be further improved by considering
the data transfer time and network communication time.
It takes Tcomm … 2nkbw

Bl
to transfer one column stripe of A

and one row stripe of B from N0 to Ni ð1 � i � p� 1Þ.
Within Ni, the processor then moves nfk elements of
matrix A and nk

p elements of matrix B from its DRAM
memory to the FPGA. Data transfer time Tmem thus
equals ðnf kþnk=pÞbw

Bd
. After transferring the data, the proces-

sor of Ni performs an ðnp � kÞ � ðk� n
pÞ matrix multi-

plication. Thus, the computation time of the processor is
Tp …

2npnk
pCp

. The FPGA of Ni multiplies an nf � k and a
k� n

p matrix. That is, it performs nf
k �

n
kp ðk� kÞ submatrix

multiplies. Therefore, the computation time of the FPGA
is Tf …

2nf nk
pCf

.
Except for the first stripes of A and B, Tcomm and Tmem

can be overlapped with Tf . Thus, the values of np and nf
should be determined so that

Tf … Tcomm þ Tmem þ Tp: ð4Þ

Since each FPGA calculates nf � n
p elements of C, the

size of SRAM memory required by the design is nf n
p

words. When the matrix size is large, block matrix
multiplication is performed. Matrices A and B are
partitioned into blocks of size b� b. In this case, bf rows
of A are assigned to the FPGA, while bp rows are
assigned to the processor. We have bf b

p …M, where M is
the size of the SRAM memory of the FPGA.

5.1.3 Hardware/Software Coordination
In the proposed partitioning, the processor generates np
rows of C and the FPGA generates nf rows of C. As they
write to separate memory locations, there will be no
memory access conflict. For the multiplication of one

column stripe of A and one row stripe of B, the processor
needs to signal the FPGA to start computations as well as
be notified when the FPGA is done. Thus, the frequency
of coordination is 2

Tf
… pCf

nf nk times per second. For block
matrix multiplication, the frequency of coordination is
pCf
bf bk times per second.

5.2 Hybrid Design for Block LU Decomposition
LU decomposition is a widely used method for matrix
factorization. It factors an n� n matrix A into an n� n
lower triangular matrix L and an n� n upper triangular
matrix U . The diagonal entries of the resulting L matrix are
all 1s. As customary in hardware implementations of matrix
factorization, we assume that A is a nonsingular matrix and
no pivoting is needed.

In this work, we consider block LU decomposition of
large matrices and follow the algorithm given in [30]. At the
beginning of the algorithm, there are four matrices: A0

00, A0
01,

A0
10, and A0

11. A0
00 is a b� b matrix, A0

01 is a b� ðn� bÞmatrix,
A0

10 is an ðn� bÞ � b matrix, and A0
00 is an ðn� bÞ � ðn� bÞ

matrix. The goal of the algorithm is to decompose A into
two matrices, L and U , such that

A0
00 A0

01
A0

10 A0
11

� �
… L1

00 0
L1

10 L1
11

� �
U1

00 U1
01

0 U1
11

� �
: ð5Þ

The steps of the algorithm are given as follows:

1. Perform a sequence of Gaussian eliminations on the
n� b matrix formed by A0

00 and A0
10 in order to

calculate the entries of L1
00, L1

10, and U1
00;

2. Calculate U1
01 as the product of ðL1

00Þ
�1 and A0

01;
3. Evaluate A1

11  A0
11 � L1

10U1
01;

4. Apply steps 1 to 3 recursively to matrix A1
11. During

the tth ð0 � t � n
b � 1Þ iteration, the initial matrices

are At
00, At

01, At
10, and At

11; the resulting matrices Lt
00,

Ut
00, Lt

10, Ut
01, and Atþ1

11 are obtained. An iteration
denotes an execution of steps 1 to 3.

5.2.1 Task Identification
Five tasks have been identified in block LU decomposition:
opLU, opL, opU, opMM, and opMS. In the tth iteration, opLU
is performed in step 1 to obtain Lt

00 and Ut
00. ðnb � tÞ opL

operations are performed in step 1 to obtain Lt
10 using At

10
and ðUt

00Þ
�1. In step 2, ðnb � tÞ opU operations generate Ut

01
using At

01 and ðLt
00Þ
�1. In step 3, block matrix multi-

plications (opMM operations) and matrix subtractions
(opMS operations) are performed ðnb � tÞ2 times. opL and
opU operations need the outputs of opLU; opMM operations
need the outputs of opL and opU operations; and opMS
operations need the outputs of opMM operations.

Among the five operations, opMS is the least
computationally intensive ð�ðn2ÞÞ and does not need
hardware acceleration. The other operations are all
computationally intensive, with a complexity of �ðn3Þ.
However, it is impractical to partition opLU, opL, and
opU between the processor and the FPGA because they
contain a lot of data dependencies. Therefore, in our
design, only opMM is performed on both the processor
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and the FPGA. All the other operations are performed
on the processor.

5.2.2 Algorithm and Architecture
We now present our hybrid design for LU decomposition.
Matrix A is partitioned into b� b blocks, which are denoted
as Auv ð0 � u; v � n

b � 1Þ. Initially, Ni ð0 � i � p� 1Þ stores
Aiv and Aui ði � u; v � n

b � 1Þ, AðiþpÞ;v and Au;ðiþpÞ, ðiþ p �
u; v � n

b � 1Þ; . . . ; Aðiþpðn
bp�1ÞÞ;v, and Au;ðiþpðnbp�1ÞÞ ðiþ pðn

bp�
1Þ � u; v � n

b � 1Þ.
In the tth iteration, Nt0 performs opLU, opL, and opU

operations on its processor, where t0 … t mod p. After the
first opL and opU are complete, their outputs are
transferred to the other nodes. The outputs of the
opMM operations, A0uv ðtþ 1 � u; v � n

b � 1Þ, are sent to
Nt00 , where t00 … maxfu; vg. Nt00 performs Auv … Auv �
A0uv ðtþ 1 � u; v � n

b � 1Þ. The architecture of our design
in the zeroth iteration is shown in Fig. 5.

In our design, b� b block matrix multiplications are
performed by the processors and the FPGAs in p� 1 nodes
together. The partitioning proposed in Section 5.1 is
employed. In particular, for block multiplication
E … C �D, bf , and bp rows of matrix C are assigned to
the FPGA and the processor, respectively.

5.2.3 Hardware/Software Coordination
In our design, the processor generates bp rows of E and the
FPGA generates bf rows of E. As they write to separate
memory locations, there will be no memory conflict. For the
multiplication of one column stripe of C and one row stripe
of D, the processor needs to signal the FPGA to start
computations and to be notified when the FPGA is done.
Thus, the frequency of coordination is ðp�1ÞCf

bf bk times per
second.

5.2.4 Load Balancing
While the other p� 1 nodes are performing opMM opera-
tions, Nt0 performs opLU, opL, and opU operations. It is
possible that Nt0 gets overloaded and becomes the perfor-
mance bottleneck of the system. To avoid this, l opMM
operations are performed during one opLU/opL/opU.
According to Section 5.1, the total latency of one opMM
is equal to b

k�
2bf b
ðp�1ÞCf

… 2bf b2

ðp�1ÞCf
. Suppose the latency of

performing one opLU, opL, and opU operation is Tlu, Topl,
and Topu. To achieve load balancing, l is determined so that

maxfTlu; Topl; Topug þ
lb
k
� Tcomm …

2bfb2

ðp� 1ÞCf
: ð6Þ

We include the communication costs in the equation
because Nt0 also needs to send the block matrices for opMM
operations to the other nodes.

5.3 Hybrid Design for Block Floyd-Warshall
Consider a weighted and directed graph G with n vertices.
The all-pairs shortest-paths problem is the problem to find a
shortest (least-weight) path between every pair of vertices
in the graph. The weight of a path is the sum of the weights
of its constituent edges. The Floyd-Warshall algorithm [12]
is an efficient technique to solve this problem. In this
algorithm, dt

ij is the weight of a shortest path from vertex i
to vertex j, with all intermediate vertices in the set
f0; 1; . . . ; tg ð0 � t � n� 1Þ. Dt is the matrix formed by dt

ij
ð0 � i; j � n� 1Þ. If there is an edge between i and j, d0

ij is
equal to the weight of the edge. Otherwise, d0

ij … 0 if i … j;
d0

ij … 1 if i 6… j. This algorithm is referred to as the
“regular” Floyd-Warshall algorithm in this paper.

In our work, we follow a blocked version of the Floyd-
Warshall algorithm [31]. Matrix D0 is partitioned into blocks
of size b� b, which are denoted as D0

uv ð0 � u; v � n
b � 1Þ.

There are a total of n
b iterations in the algorithm. Dtþ1 is

used to denote the matrix generated after iteration t
ð0 � t � n

b � 1Þ. In iteration t, there are three steps:

1. Perform the regular Floyd-Warshall algorithm on
block Dt

tt. This operation is denoted as op1;
2. Perform the regular Floyd-Warshall algorithm on

block Dt
th ð0 � h � n

b � 1; h 6… tÞ using the columns of
Dt

th and the rows of Dt
tt. Similarly, perform the

regular Floyd-Warshall algorithm on block Dt
ht using

the rows of Dt
ht and the columns of Dt

tt. We denote
these operations as op21 and op22, respectively;

3. Perform the regular Floyd-Warshall algorithm on
the remaining blocks. For block Dt

uv ð0 � u; v �
n
b � 1; u 6… t; v 6… tÞ, the rows of Dt

tv and the columns
of Dt

ut are needed. This operation is called op3.

5.3.1 Task Identification
The operations in the steps are identified as the tasks in
the block Floyd-Warshall algorithm. In each iteration, one
op1 operation, n

b � 1 op21 operations, n
b � 1 op22 operations,

and ðnb � 1Þ2 op3 operations are performed. op21 and
op22 operations need the outputs of op1; op3 operations
need the outputs of op21 and op22.

All the tasks in the block Floyd-Warshall algorithm are
computationally intensive and have a complexity of �ðn3Þ.
Except for the inputs, these tasks are the same. Therefore,
we use the same processor-based algorithm and FPGA-
based design for these operations. As the tasks contain a
large number of data dependencies, they are not suitable for
partitioning between the processor and the FPGA.
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Fig. 5. Architecture of our design for LU decomposition in zeroth
iteration.
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5.3.2 Algorithm and Architecture
Initially, each node stores n

bp columns of the b� b blocks
in D0. In particular, Ni stores columns in

bp ; in
bpþ 1; . . . ;

ðiþ1Þn
bp � 1 ð0 � i � p� 1Þ.
There are n

b phases in iteration tð0 � t � n
b � 1Þ. In

phase 0, op1 operation is performed on block Dt
tt by Nt0 ,

where t0 … d t
n=bpe. The resulting Dt

tt is then transferred to all
the other nodes. When Ni ð0 � i � p� 1; i 6… t0Þ performs
n
bp op21 operations, Nt0 performs n

bp� 1 op21 operations and
one op22 operation. In the following phase, the results of the
op22 operation are transferred to the other nodes for
op3 operations. When Ni ð0 � i � p� 1; i 6… t0Þ performs
n
bp op3 operations, Nt0 performs n

bp� 1 op3 operations and
one op22. Again, the results of the op22 operation are
transferred to the other nodes for op3 operations. This
continues until all the op22 operations and op3 operations
are complete.

Note that except phase 0, each node performs the same
number of operations in each phase. Thus, load balancing is
easily maintained in the system. Fig. 6 illustrates the
operations of the nodes when n

b … 8, p … 4, and t … 2.
Different operations of the application are shown in
different patterns.

On the FPGA, we employ the design proposed in [32]. In
that design, with k floating-point adders and k floating-
point comparators, the latency of performing the regular
Floyd-Warshall algorithm on a b� b matrix takes 2b3

k clock
cycles.

5.3.3 Workload Partition
Within each node, an operation is assigned entirely either
to the processor or to the FPGA. Each of the operations
contains b3 floating-point additions and b3 floating-point
comparisons. Thus, the computation time of the processor
Tp … 2b3

Cp
. According to [32], we have Tf … 2b3

Cf
. The on-chip

memory required by the design is of size 2k2 words, and the
size of required BRAM memory is 2b2 words.

We aim to balance the workload between the processor
and the FPGA. In each phase discussed above, each node
performs n

bp operations and sends/receives one block. When
an operation is implemented on the FPGA, two blocks need

to be accessed from the DRAM memory. Thus, we have
Tcomm … b2

Bl
and Tmem … 2b2

Bd
. Suppose the processor and the

FPGA each performs l1 and l2 operations, respectively.
Besides l1 þ l2 … n

bp , we have

l1 � Tp þ Tcomm þ l2 � Tmem … l2 � Tf: ð7Þ

5.3.4 Hardware/Software Coordination
As the FPGAs and the processors execute separate tasks in
our design, there is no memory access conflict. For
l2 operations performed by the FPGA, the processor needs
to give the start signal and be notified when the FPGA is done.
Thus, the frequency of coordination is 2

l2�Tf
… Cf

l2b3 times per
second.

6 EXPERIMENTAL RESULTS

6.1 Experimental Setup
To illustrate our ideas, we implemented our designs on a
Cray XD1. To utilize the FPGA accelerator in XD1, two
programs are needed. One is a C program, which runs on
the processors. The other is a VHDL program that describes
the FPGA-based design.

Before being loaded onto XD1, an FPGA-based design
needs to be modified as follows: 1) SRAM memory
controllers (SRAM cores) are inserted if the design needs
to access the SRAM banks; 2) a RapidArray Transport (RT)
core is inserted for the design to communicate with the
processor; 3) an application-specific component, Rt_Client,
is needed to control the communications between the
FPGA, the processor, and the SRAM. The resulting structure
of an FPGA-based design on XD1 is shown in Fig. 7.

After modifying the design, the following steps are
required to load the design onto XD1 [33]:

1. Write the C program and build the executable for it.
2. Synthesize, place, and route the FPGA-based design

using Xilinx ISE [1]. At this step, the design can be
debugged using ModelSim of Mentor Graphics [15],
a simulator for VHDL.

3. Generate the binary file for the FPGA-based design.
The file is then converted to Cray-specific FPGA
logic file using command-line tools on XD1.

4. Load the logic file onto the FPGA. Write a job script
for the design, and submit the job to the system.

The C program is in charge of file operations and
memory accesses. It also handles the network communica-
tions using the MPI standard [13]. In our experiments, we
executed the routines in the ACML [16] on the processors.

In the FPGA-based designs, we used our own FPGA-
based 64-bit floating-point cores, which comply with the
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Fig. 6. Illustration of operations of the nodes for the Floyd-Warshall
algorithm ðnb … 8; p … 4; t … 2Þ.

Fig. 7. Block diagram of an FPGA-based design on a Cray XD1.
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IEEE 754 format [14]. Their implementation details can be
found in [34]. In our FPGA-based designs, the implementa-
tions of the floating-point cores have no effect on the
architecture or the algorithm. Therefore, these floating-
point units can be easily replaced by faster and smaller ones
with no or few modifications to the designs.

6.2 Implementation Details
We implemented our hybrid designs on one chassis of XD1.
A chassis contains six nodes, hence p � 6. The network
bandwidth between two nodes within the same chassis
Bn … l Gbyte=s. On each node, 8 Mbytes of SRAM memory
is allocated to store the intermediate results. Thus, M … 220.

The RT core, memory controller, and the control logic for
status registers occupy approximately 3,000 slices. Thus,
when our FPGA-based matrix multiplier in [17] is im-
plemented on one FPGA in XD1, at most eight PEs can be
configured [35]. The design takes up 21,029 slices, which are
about 89 percent of the total area of the device. As each PE
performs two floating-point operations in each clock cycle
and the clock speed of the design is 130 MHz, we have
Cf … 8� 2� 130� 106 … 2:08 GFLOPS. The FPGA-based
design gets one word from the DRAM memory in each
clock cycle, so Bd is equal to 1.04 Gbyte/s. On the processor,
the dgemm subroutine in ACML is executed. When the
matrix size is larger than 1,000, one AMD processor
achieves Cp … 3:9 GFLOPS.

We consider large matrices and thus use block matrix
multiplication. We have bf b

p �
220

bw
, and b needs to be a multiple

of both p and k. Therefore, in our experiments, when
p … 1; 2; 3, b … 1;536; when p … 4; 6, b … 3;072; when p … 5,
b … 3;000. The workload partition is determined according
to (4) and is shown in Table 2.

For block LU decomposition, we use p … 6 nodes. In this
case, block matrix multiplication is performed on p� 1 …
5 nodes. Therefore, b … 3;000, bp … 1;720, and bf … 1;280. To
get the value of l, we first obtain the latencies of opLU, opL,
and opU operations on the processor. For b … 3;000, the
routine used and the latency of each operation are shown in
Table 3. According to (6), we set l … 3.

In the design for the Floyd-Warshall algorithm, we
implemented the design proposed in [32] on the FPGAs.
When k … 8 PEs are configured, the design occupies

20,932 slices and runs at 120 MHz. Each PE performs one
floating-point operation in each clock cycle, hence Cf …
8� 120� 106 … 0:96 GFLOPS. As the FPGA-based design
gets one word from the DRAM memory in each clock cycle,
Bd … 960 Mbyte/s. Again, we have p … 6 and M … 220. As b
needs to be a multiple of k, we set b … 256. On the processor,
for each b� b block, we implemented the regular Floyd-
Warshall algorithm as described in [12]. When b … 256, the
sustained performance of the algorithm Cp … 190 MFLOPS.
According to (7), we have l1

l2 …
1
5 and l1 þ l2 … n

bp . Therefore,
we set n as 18,432. In this case, l1 … 2 and l2 … 10.

6.3 Performance Analysis
The workload partition is generated using (4), (6), and (7)
and is justified by the experiments. In Fig. 8, bf for block
matrix multiplication varies from 0 to 3,000, while b … 3;000
and p … 5. When bf first becomes larger than 0, the
processors in the system are utilized and the performance
increases. The maximum performance of the design is
achieved when bf … 1;280. After that, the FPGAs become
overloaded and the processors are underloaded. Thus, the
performance of the design begins to decrease. Note that the
size of the required SRAM memory increases with bf .

Fig. 9 shows the latency of our design for performing the
zeroth iteration of block LU decomposition when l increases
from 0 to 5. In the experiment, bf … 1;280 and bp … 2;720.
opLU, opL, and opU operations are performed on the
processor of N0, while the block matrix multiplications are
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TABLE 2
Workload Partition for Matrix Multiplication on XD1

TABLE 3
Routines and Latencies for Various Operations

in Block LU Decomposition, b … 3;000

Fig. 8. Latency of one b� b block matrix multiplication using hybrid
design versus bf ðb … 3;000; p … 5Þ.

Fig. 9. Latency of the zeroth iteration in LU decomposition using hybrid
design versus l ðn … 30;000; p … 6Þ.
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performed on the other nodes. We see that the latency
decreases when l increases from 0 to 3, because the
computing power of N1; . . . ; N5 is getting utilized better.
The latency begins to increase when l is further increased
because N0 is becoming underutilized. However, the
increase is not noticeable until l … 5.

Fig. 10 shows the latency of one iteration in our design
for the block Floyd-Warshall algorithm when the workload
partition varies. We see that when l1 decreases from 12 to 2,
the latency continues to decrease because the FPGAs keep
on taking more workload from the processors. However,
when l1 is 1, the FPGAs become overloaded and the latency
begins to increase. Unlike the block LU decomposition,
there is a large difference between the computing power of
the FPGAs and the processors for this application. There-
fore, when the FPGAs are employed only, the latency is
even smaller than some cases where the processors and the
FPGAs work together.

6.4 Performance Comparison
To evaluate our hybrid designs, we compare their perfor-
mance against two baseline designs. The “FPGA-only
design” employs the FPGAs in the nodes only, while the
“Processor-only design” employs only the processors. For
fair comparison, the baseline designs follow the same steps
as the hybrid design. We use GFLOPS to measure the
sustained floating-point performance of the designs. Note

that the FPGA-only design still needs the processors in the
nodes for data transfer and network communications.

Fig. 11 shows the performance of our design and the
three baseline designs for matrix multiplication when
p varies. We see that all three designs are scalable, while
our design achieves better performance than the other two.
In particular, when p … 6, the Processor-only design
achieves 2.8 GFLOPS/FPGA; the FPGA-only design
achieves 2.0 GFLOPS/processor; the hybrid design achieves
4.1 GFLOPS with one processor and one FPGA. Our design
achieves 1.5� speedup and 2� speedup over the baseline
designs, respectively.

For block LU decomposition, the performance of the
hybrid design increases with the number of blocks, n

b , as
shown in Fig. 12. This is because block matrix multiplication
opMM is the only task that exploits the computing power of
both the FPGAs and the processors. When n … 30;000,
b … 3;000, and p … 6, the hybrid design achieves 20 GFLOPS,
a 2� speedup over the FPGA-only design, and a 1.3�
speedup over the processor-only design. As opMM is the
most executed task and is scalable across the nodes, our
design for block LU is also scalable.

The performance of the design for the block Floyd-
Warshall algorithm remains almost the same when n
increases. The reason is that the proportion between the
computational loads of the FPGA and the processor is
independent of the problem size. Fig. 13 shows the
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Fig. 10. Latency of one iteration in Floyd-Warshall algorithm using our
design versus l1 ðb … 256; n … 18;432; p … 6Þ.

Fig. 11. GFLOPS performance of matrix multiplication versus p.

Fig. 12. GFLOPS of LU decomposition versus n
b ðb … 3;000; p … 6Þ.

Fig. 13. GFLOPS performance of Floyd-Warshall versus p.
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scalability of our design for the block Floyd-Warshall
algorithm. When p … 6, the hybrid design achieves
6.6 GFLOPS, a 5.8� speedup, and a 1.15� speedup over
the Processor-only design and the FPGA-only design,
respectively.

To further evaluate the efficiency of our designs, we
compare their performance against the total performance of
the system, Tt. Tt is the sum of the computing power of the
nodes. For the hybrid designs, Tt … p� ðCf þ CpÞ. Note that
the value of Tt depends on the sample application.

Fig. 14 shows the percentage of Tt our designs have
achieved. For block LU decomposition, our design achieves
56 percent of Tt. This is because in our implementation, we
used the atomic ACML routines for opLU, opL, and opU. In
this case, a large part of the network communications has to
be performed before the routines start and cannot be
overlapped with the computations. On the other hand, in
our designs for matrix multiplication and Floyd-Warshall,
more than 90 percent of Tcomm and Tmem is overlapped with
Tf . Therefore, our designs achieve 70 percent and 96 percent
of Tt, respectively. From these results, we see that although
our design model is simple, it generates efficient hybrid
designs that fully utilize both the processors and the
FPGAs.

We also compare the performance of our hybrid designs
with the performance predicted by the design methodology,
as shown in Fig. 15. In the prediction, we use the same
system parameters and the same workload partition as in
the experiments. However, we assume all the communica-
tion costs and memory transfer time are overlapped with
the computations on the FPGA. Our design for block LU
decomposition achieves about 86 percent of the predicted
performance. For matrix multiplication and block Floyd-
Warshall, the hybrid designs achieve about 90 percent and
96 percent of the predicted performance, respectively. For
all the applications, the design methodology provided a
fairly accurate prediction.

6.5 Performance Projection
The performance of our designs can be further improved. For
example, when improved floating-point cores are available,
Cf will increase. Hence, the performance of the hybrid design
will also increase accordingly. We can also use a more
powerful device to achieve a higher Cf . The XC2VP50 is
relatively small in the Xilinx Virtex-II Pro family. With a
larger device, more PEs can be configured. For example, the

Xilinx Virtex-II Pro XC2VP100 contains 44,096 slices and can
contain twice as many PEs as XC2VP50.

We thus project the performance of our design for matrix
multiplication when the number of floating-point opera-
tions performed in each clock cycle Of ranges from 20 to 40,
and the clock speed Ff increases from 150 to 250 MHz. We
fix bf to 2,048, while b and bp vary. In Fig. 16, when Of … 40
and Ff … 250 MHz, our design can achieve 44.6 GFLOPS
with six nodes. Note that the projected performance is
achieved with the DRAM memory bandwidth and the
interconnect bandwidth available in XD1. Also, even with
the highest Ff , the required SRAM memory bandwidth of
the design is lower than the available bandwidth in XD1.

Another way of improving the performance of our
designs is to use more efficient software programs or
FPGA-based designs. For example, the performance of our
design for block Floyd-Warshall is low because the design
on the processors is not optimized. If existing optimizations
are employed [36], both Cp and the performance of the
hybrid design will increase.

7 SCALABLE DESIGNS FOR UPPER HIERARCHY

In this section, we discuss designs over multiple groups.
When a system contains q > 1 groups, the groups are
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Fig. 14. Percentage of total computing power of the system achieved by
our designs.

Fig. 15. Comparison between the performance of our designs and the
predicted performance.

Fig. 16. Projected performance of hybrid design for matrix multiplication
ðbf … 2; 048; p … 6Þ.

Authorized licensed use limited to: University of Southern California. Downloaded on March 2, 2009 at 23:23 from IEEE Xplore.  Restrictions apply.








