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I. EXTENDED ABSTRACT

Trends in High Performance Computing (HPC) systems
are shifting. The use of commodity server processors as the
main option to design these systems is moving towards a
more specialized landscape. Processor trends are evolving in
several directions, such as, leaner core designs [1], larger core
counts per socket [2], wide vector units [3], or with integrated
memory like high-bandwidth memory (HBM) modules via
silicon interposer technologies [4].

In our work, we undertake a design space exploration
study that considers the most relevant design trends we are
observing today in HPC systems. To perform this study, we fol-
low a recently introduced multi-level simulation methodology
(MUSA) [5]. MUSA enables fast and accurate performance
estimations and takes into account inter-node communica-
tion, node-level architecture, and system software interactions.
Through our extensive design space exploration, we provide
hardware and software co-design recommendations for next-
generation large-scale HPC systems.

A. Co-Design opportunities

The design space for next-generation HPC machines is
expanding. First, the trend to use commodity server proces-
sors as the common choice is changing towards processors
with leaner core designs that feature different microarchitec-
tural characteristics. For example, Cray has already deployed
Isambard [6], a system with 10,000+ Armv8 cores; and
now supports ARM-based processors (including the Cavium
ThunderX2) across their main product line. Second, vector
architectures with larger lengths than the ones employed in
recent years are starting to be considered again. In this regard,
Arm recently introduced the Scalable Vector Extensions (SVE)
that support up to 2,048 bit vectors and per-lane predication.
Third, several memory technologies are starting to appear in
the HPC domain, for example: die-stacked DRAM like the one
employed in Knights Landing [7], or High-Bandwidth Memory
(HBM) already used in a number of GPUs.

The advent of these trends and technologies leads to a
large design space for next-generation HPC machines that
needs to be carefully considered. There is a clear opportunity
to co-design hardware and software by mapping application

L3:L2-caches Size / associativity / latency

Label L3 L2

32M:256KB 32MB / 16 / 68 256kB / 8 / 9
64M:512KB 64MB / 16 / 70 512kB / 16 / 11
96M:1MB 96MB / 16 / 72 1MB / 16 / 13

Core OoO Issue& Store #ALU/ IRF/
Label ROB commit buffer #FPU FRF

low-end 40 2 20 1 / 3 30/ 50
medium 180 4 100 3 / 3 130 / 70
high 224 6 120 4 / 3 180 / 100
aggressive 300 8 150 5 / 4 210 / 120

Other param. Values

Frequency [GHz] 1.5, 2.0, 2.5, 3.0
Vector width [bits] 128, 256, 512
Memory [DDR4-2333] 4-channel, 8-channel
Number of Cores 1, 32, 64

TABLE I. SIMULATION ARCHITECTURAL PARAMETERS AND VALUES
USED IN OUR DESIGN SPACE EXPLORATION INCLUDING: CACHE SIZE,

ASSOCIATIVITY AND LATENCY; AND OOO DETAILS LIKE REORDER
BUFFER (ROB) AND INTEGER/FLOAT REGISTER FILE (RF).

requirements to the available hardware ecosystem that these
trends are opening. In addition, the ability to predict and fine-
tune application performance for selected hardware designs
that are deemed of interest is of paramount importance to
system architects.

B. Parameter exploration

After reviewing the HPC systems landscape, we select
a set of important compute node features in current and
upcoming HPC architectures. These features expose relevant
energy and performance trade-offs when considering different
HPC workloads. We focus our exploration on six features:
number of cores in a socket, out-of-order (OoO) capabilities of
the core, memory technology, floating-point unit (FPU) vector
width, CPU frequency and cache size. Additionally, to do
our simulations we select five relevant hybrid (MPI+OpenMP)
HPC applications: HYDRO, SP-MZ, BT-MZ, SPECFEM3D
and LULESH.

Table I shows a detailed list of all the parameters and values
we explore and the names (labels) we will use to refer to them.
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Fig. 1. Average performance speedup increasing FPU width up to 512-bits.
Normalized to 128-bit configurations.

C. Results

Figure 1 summarizes the performance-energy trade-off
when we increase the vector Floating Point (FP) registers
used for SIMD operations in each core. Results for 32 and
64 core configurations are very similar. Excluding LULESH,
wider 512-bit FP units yield 20% (HYDRO) to 75% (SP-MZ)
application performance speed-up; 40% on average.
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Fig. 2. Average power consumption increasing FPU width up to 512-bits.
Normalized to 128-bit configurations.

In Figure 2, we see that using 512-bit vector width trans-
lates into an average power increment across applications of
60% with respect to 128-bit units in each core. As expected,
the core power consumption is relatively larger in compute-
intensive applications like HYDRO and BTMZ than in memory
bound counterparts.
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Fig. 3. Average performance speedup varying L3- and L2-cache parameters.
Normalized to 32MB:256KB cache configs.

Figure 3 shows how only modifying L2- and L3-cache sizes
affects performance in our simulations; at 64 cores, upgrading
to a cache configuration with 96MB:1MB (1.5MB:1MB per
core) results in an 11% average speedup across applications.

Taking into account these observations, we simulate par-
allel executions of SPMZ considering architectures with in-
creasing SIMD widths of 1024- (Vector+ configuration) and
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Fig. 4. Performance, power and energy-to-solution of a specific configurations
targeting spmz.

2048-bits (Vector++ configuration) while keeping the rest of
the architectural features settings that give the best possible
performance-power tradeoff.

D. Conclusion

In this study, we look at speedup and energy consumption
exploring the design space (i.e., changing SIMD width, number
of cores, and type of cores), and we provide architectural
recommendations that can be used as hardware and software
co-design guidelines targeting specific applications.
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