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ABSTRACT
The emergence of accelerator technology in current super-
computing systems is changing the landscape of supercom-
puting architectures. Accelerators like GPGPUs and copro-
cessors are optimized for parallel computation while being
more energy efficient. Today’s accelerators come with some
limitations. They require a local host CPU to configure and
operate them. This limits the number of accelerators per
host. Another problem is the unbalanced communication
between distributed accelerators. Network-attached accel-
erators are an architectural approach for scaling the num-
ber of accelerators and host CPUs independently. The de-
sign enables remote initialization, control of the accelera-
tor devices, and host-independent accelerator-to-accelerator
direct communication. Workloads can be dynamically as-
signed to CPUs and accelerators at run-time in an N to M
ratio. An operative prototype implementation, based on the
Intel Xeon Phi coprocessor and the EXTOLL NIC, is used
to evaluate the latency, bandwidth, performance of the MPI
communication, and communication time of the LAMMPS
molecular dynamics simulator.

1. INTRODUCTION
The trend in supercomputing development indicates that

the computational power of high performance computing
(HPC) systems is increased by a factor of ten every decade.
Considering this development cycle, devices like General-
Purpose Graphics Processing Units (GPGPUs) and copro-
cessors become attractive choices for system designers. They
are optimized for parallel computation while being more en-
ergy efficient. Heterogeneous systems come with some lim-
itations. Current accelerators require a local host to con-
figure and operate them. They are not designed to run
autonomously and are incapable of sourcing or sinking net-
work traffic. This leads to imbalanced workload distribution
and communication. Amdahl’s law [2] states that the scal-
ability of a parallel code is limited by its sequential part.
Future HPC systems have to be able to run applications
with a varying degree of scalability and complicated com-
munication patterns. Network-attached accelerators [6] are
an architectural approach for scaling the number of accel-
erators and host CPUs independently. Accelerator nodes
consist of an accelerator and a NIC. The configuration and
operation is done over the network. The communication
architecture is transparent to upper software and hardware
layers. The commodity aspect of the accelerator is main-
tained. An operative prototype is implemented with Intel
Xeon Phi coprocessors [4] and EXTOLL NICs [3].

2. COMMUNICATION ARCHITECTURE
The idea of network-attached accelerators (NAAs) is to

improve the scalability between the number of accelerators
and host CPUs within a system independently from the
number of hosts. All accelerators can be used by any host
within a cluster. The accelerator-to-accelerator direct com-
munication does not require a local host. In addition, work-
load can be dynamically distributed between CPUs and ac-
celerators at runtime in an N to M ratio.

2.1 Hardware Configuration
Current accelerators have to be configured by a CPU. In

an NAA system, the configuration is enabled by the NIC.
There are three different system entities: compute nodes
(CN), booster interface nodes (BI), and booster nodes (BN).
PCIe configuration packets are inserted to the NIC’s outgo-
ing host interface. The BI’s CPU is able to configure the
accelerator’s PCIe interface via software, and to assign a
memory-mapped I/O (MMIO) range to the PCIe endpoint.
Accelerators are accessed by using loads and stores to locally
reserved address ranges inside the BI’s NIC. This has the ad-
ditional benefit that the upper software and hardware layers
remain unchanged. Local memory segments are exported to
remote nodes to build a distributed shared memory. Loads
and stores from the CPU to the exported segments are en-
capsulated into network transactions to the remote node. At
the remote node, the packets are translated back into host
interface requests. The MMIO ranges appear to be locally
assigned to the BI node.

2.2 Software Design
The software layer substitutes the PCI kernel applica-

tion programming interface (API) and maps the structures
needed by the accelerator management software to the NIC’s
device structures. There are three main tasks that are pro-
vided by the software layer: device configuration and main-
tenance, MSI configuration, and interrupt handling. The
software configures and maintains the mapped MMIO re-
gions. The messaged signal interrupt (MSI) packet is con-
figured in a way that the NIC is able to distinguish EXTOLL
and accelerator interrupts based on the payload of the MSI
packet.

3. EVALUATION
A prototype is used to evaluate the network-attached ac-

celerator approach. The internode MIC-to-MIC communi-
cation time is evaluated using OSU Micro-Benchmarks 4.3
[5] and the LAMMPS [1] molecular dynamics simulator.
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Figure 1: Internode MIC-to-MIC communication
performance using MPI.

3.1 Prototype System
The BI prototype node is a standard server machine with

two Intel Xeon E5-2630 processors running at 2.30GHz. An
FPGA-version of the NIC is used that utilizes a Xilinx Vir-
tex6 FPGA design with a 128bit-wide data path, running
at 156.25MHz, and one x4 16Gbits/s EXTOLL link. The
FPGA manages two Intel Xeon Phi coprocessors (MICs)
with 8GB GDDR RAM each. The network link of the NIC
is used to connect to the seventh link of the BN to get ac-
cess to the 3D torus. The test environment contains two BN
with two Altera StratixV FPGAs. The FPGAs implement
an EXTOLL-compatible 128bit-wide data path running at
100MHz and seven x4 16Gbits/s links. Each StratixV NIC
is connected to one MIC with an x8 PCIe Gen2 PCIe host
interface. The StratixV FPGAs are connected via an x4
16Gbits/s link.

Intel MPSS 2.1.6720-16 is installed on the BI. The MPI
performance is evaluated between two MICs connected over
EXTOLL using OpenMPI 1.6.1 and directly connected to
the BI utilizing SCIF, and OFED/SCIF using Intel MPI
Library 4.1.3.049 and OFED-1.5.4.1.

3.2 Results
The point-to-point MPI benchmarks (osu latency, osu bw,

osu bibw) of the OMB are used for the evaluation. Early
benchmarking of the prototype system shows that the half-
round trip latency for small messages of up to 2kB in size
is competitive with other solutions, see figure 1a. A mini-
mum latency of 4.5µs can be achieved for internode MIC-to-
MIC communication. The reached bandwidth of 1.3GB/s
for large messages is close to the theoretical peak band-
width of the FPGA, as displayed in figure 1b. Figures 2a
and 2b display the communication time for three different
LAMMPS benchmarks. LAMMPS is a classical molecular
dynamics code. Running 64 threads on two Intel MICs with
equal thread-to-MIC distribution shows a communication
time improvement of about 32%.

4. CONCLUSION
The presented NAA approach is a novel architecture that

scales the number of accelerators and CPUs independently.
It facilitates accelerator-to-accelerator direct communication.
The transparent implementation of the architecture enables
dynamic workload mapping to accelerators and CPUs in an
N to M ratio during runtime. Scalar code can be executed
on the CPUs while highly scalable code is assigned to the
accelerators.

The prototype system, using the Intel MIC technology,
provides promising MPI communication layer results for in-

(a) 16 Threads/MIC. (b) 32 Threads/MIC.

Figure 2: LAMMPS performance using a bead-
spring polymer, Lennard-Jones, and copper metallic
solid benchmark.

ternode latency, bandwidth, and communication time. Fu-
ture work will include the setup and evaluation of an NAA
system with the EXTOLL ASIC. In addition, the use of
GPGPUs will be researched.
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