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Abstract: Exascale systems have been under development for quite some time and will be available for use in a
few years. It is time to think about future post-exascale systems. There are many main challenges with regard to
future post-exascale systems, such as processor architecture, programming, storage, and interconnect. In this study,
we discuss three signiﬁcant programming challenges for future post-exascale systems: heterogeneity, parallelism, and
fault tolerance. Based on our experience of programming on current large-scale systems, we propose several potential
solutions for these challenges. Nevertheless, more research eﬀorts are needed to solve these problems.
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1 Introduction
Currently, peta-scale supercomputers have been
built and used for years, and exascale ones will be
available for use in a few years. With the development of technology, post-exascale era will ﬁnally
come. It is time to think about the challenges for
future post-exascale systems. In this paper, we discuss the main challenges of post-exascale systems
and some potential solutions for these challenges.
We ﬁrst discuss the three main challenges faced
in future post-exascale programming models: (1) supercomputers are becoming more heterogeneous; (2)
a large amount of parallelism in applications needs to
be exploited to fully use a large-scale supercomputer
eﬃciently; (3) fault tolerance programming will be
inevitable in a future post-exascale system. We elaborate each point below.
Heterogeneous architectures have shown increasing popularity for usage in large-scale super‡
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computers due to the considerations of performance, energy eﬃciency, density, and costs (Vetter et al., 2011). In the sixteenth top-500 supercomputer list (https://www.top500.org/lists/2018/06/),
the top ﬁve systems are all heterogeneous. Each
node within these systems comprises both general central processing units (CPUs) and heterogeneous co-processors. The CPU is responsible for the
control ﬂow of applications, whereas computationintensive sections are assigned to high-performance
co-processors. Even though the hardware provides
high peak performance, the programming complexity of heterogeneous applications makes it tricky to
fully use the power of systems. Both the implementation and optimization of applications on such systems are diﬃcult. Hence, a productive heterogeneityoriented programming model is crucial to address
post-exascale programming challenges. Normally,
heterogeneous programming is responsible mainly
for intra-node tasks owing to the architectural features. The workload of co-processors is usually oﬀloaded by CPUs. Co-processors in diﬀerent nodes
usually do not communicate with each other.
The programming challenges on heterogeneous
platforms relate mainly to the communication
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management of intra-node devices and utilization of
complex hardware features of co-processors.
In a heterogeneous system, the CPU and the
co-processors have discrete memory systems. Data
should be moved from the CPU to the co-processors
before it can be processed by cores on co-processors,
and the result should be copied back to CPU in the
end. The management of data movement between
diﬀerent devices is tedious and error-prone, especially for applications with complicated control ﬂow
and data structures.
Co-processors on supercomputers always have
a delicate and complicated thread, memory, and
intra-device communication hierarchy. We take a
graphics processing unit (GPU), which is the most
popular co-processor in modern supercomputers, as
an example to illustrate this point. In a GPU,
threads are organized as warps, warps are organized
as thread blocks, and thread blocks are organized
as grids. Data can be stored in the global memory
and can also be manually cached in shared memory. Meanwhile, there are constant memory, register ﬁles, and various caches in the memory hierarchy. Current GPU programming models provide intra-warp register shuﬄe, intra-block sharedmemory-based communications and barriers, and
global-memory-based communications. The most recent CUDA (https://docs.nvidia.com/cuda/cuda-cprogramming-guide/index.html), which is the most
popular programming model for NVIDIA GPUs, introduces the ‘cooperate group’, which makes the
thread and communication hierarchy more complex.
The utilization of all the above characteristics is always a burden for program developers.
Post-exascale programming will require exploitation of more ﬁne-grained parallelism from applications since there will be more computing nodes
or processor cores on a post-exascale supercomputer.
For instance, one of the current top supercomputers, Sunway TaihuLight, has more than 10 million
processor cores, which means that the future postexascale supercomputer will have more than 100 million cores. To eﬃciently execute a program on such
a large-scale system using all processor cores, programmers should map a given problem onto over
100 million cores, which is a non-trivial problem for
programmers.
Let us look at an example in current supercomputers. Lin et al. (2017) ported the breadth-ﬁrst
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search (BFS) onto Sunway TaihuLight (Fu et al.,
2016). As Sunway TaihuLight has 40 960 computing nodes and 10.6 million co-processor cores, it requires very ﬁne-grained parallelism granularity to
run a program on the whole system. To discover
the potential parallelism, researchers propose several novel techniques, including pipelined module
mapping, contention-free data shuﬄing, and groupbased message batching, which requires considerable
eﬀort. Due to the cap on per-core frequency, a postexascale supercomputer would have more than 10×
nodes than Sunway TaihuLight, which will make it
even more challenging to discover any potential parallelism and will burden the programmers.
Fault tolerance has been an important issue for
decades and is still an open problem for current petascale systems and upcoming exascale systems (Cappello, 2009). As system parallelism keeps increasing, it is highly possible that a post-exascale system
will have an even shorter mean time between failures
(MTBF) than current high-performance computing
(HPC) systems, which is only hours (Schroeder and
Gibson, 2010). Therefore, a large-scale program that
attempts to make full use of a post-exascale system
must consider how to compute in a faulty environment. It will be challenging but inevitable to integrate the speciﬁc functionality of failure avoidance,
fault detection, fault analysis, and failure recovery
into system tools, programming framework, thirdparty libraries, and applications.

2 Traditional programming model
Programming models can help users conveniently express algorithms and their compositions.
As the most widely used programming model, message passing interface (MPI) works well on many
modern systems. MPI supports multiple languages
such as C, C++, Fortran, and both point-to-point
communication and collective communication are
supported. Researchers have already started working on exascale MPI (Gropp, 2009; Balaji et al.,
2013; Bahmani and Mueller, 2014), but there are still
many challenges that need to be addressed such as
the increased scale, performance characteristics, and
evolving architectural features expected in exascale
systems, as well as the capabilities and requirements
of applications targeted at these systems.
OpenMP (Dagum and Menon, 1998) is another
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widely used programming model that handles shared
memory systems. As implementing a shared memory system on a post-exascale supercomputer is not
practical, it is not possible to use OpenMP across the
whole system. However, using OpenMP along with
MPI is a commonly used method in modern systems.
OpenMP is used for parallelism within a node while
using MPI to handle communication between nodes.
MPI plus OpenMP would be still a practical way of
writing a program on a post-exascale supercomputer.
CUDA (https://docs.nvidia.com/cuda/cuda-cprogramming-guide/index.html) is the most commonly used heterogeneous programming model. It
provides a set of interfaces to address hardware and
software complexities on GPUs. Developers can
spend considerable eﬀort to conﬁgure programs to
better use all hardware features. The problem with
CUDA is that even though it adopts a C-based grammar to ease programming, it still requires too much
eﬀort to develop and tune a sophisticated program on
such a complex platform (a single node with GPUs).
This is not to mention that the post-exascale system
will comprise millions of such nodes. Another problem with CUDA is that it can run only on NVIDIA
GPUs, even though portability is not a critical concern in the HPC area.
OpenCL (Stone et al., 2010) is another programming model for cross-platform, parallel programming
of diverse processors. Like CUDA, its syntax is also
C-based. It provides uniform interfaces that match
the characteristics of a variety of processors (Munshi,
2009). The extensive support for diﬀerent devices
and portability is the main advantage of OpenCL.
However, it introduces even more programming complexities than CUDA, which is one of the main drawbacks that make it less popular.
OpenACC (Lee and Vetter, 2012) is a directivebased parallel programming model supported by a
wide variety of heterogeneous HPC hardware platforms. It hides the complexity of architectures with
a limited set of directives. With little programming eﬀort, developers can realize a portable parallel program on heterogeneous platforms. However,
OpenACC has less ﬂexibility compared with CUDA
and OpenCL. It is hard for programmers to take full
advantage of the hardware with OpenACC. OpenMP
is also used on some co-processors (Jeﬀers and Reinders, 2013). It has similar advantages and disadvantages to OpenACC.
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A programming model that provides duplication
is a classic approach toward failure avoidance. After
running multiple replicas of a program, the majority (or at least one) of those replicas, can hopefully
obtain the expected result. Nevertheless, fault tolerance at a low cost is always welcome and desired. Instead of full duplication, partial redundancy provides
fault tolerance with fewer resources. Algorithmbased fault tolerance (ABFT) is a technique that
redesigns an algorithm and makes it naturally faulttolerant (Chen, 2013). For matrix operations, additional rows and columns that contain redundant
information can help produce a correct result under
certain types of system errors (Huang and Abraham,
1984).
Once a failure is encountered, there are two approaches for recovery: roll-back recovery and forward recovery. Roll-back recovery means going back
to somewhere before the failure and then redoing
the work from that point onward. Checkpoint-andrestart is a classic and useful method for roll-back
recovery, but its overhead of ﬂushing bulk of data is
worth worrying about (Bland et al., 2012; Tang et al.,
2017). A forward recovery approach does not stop or
go back to a previous snapshot (Bland et al., 2013).
Instead, the program after failure will automatically
evolve to a fault-free state. Forward recovery can be
achieved by restarting new tasks to catch up with
other processes or by re-partitioning the workload
among the remaining processes. However, most programming frameworks or libraries in HPC systems
do not support forward recovery (or with a high
overhead (Bouteiller et al., 2003)). Thus, developers cannot build a forward-recoverable application.

3 Post-exascale programming model
In this section, we provide some potential solutions to address the main challenges faced in postexascale supercomputers as listed in Section 1.
3.1 Heterogeneity
The programming model on a post-exascale
platform should provide interfaces to represent an
enough number of hardware features, which is essential for developers to fully use the platform. Meanwhile, it should be eﬃcient enough for programming.
One practical and eﬀective approach is to develop
a programming model that contains both interfaces
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for complex features (called low-level interfaces) as
CUDA and OpenCL do, and directives for essential
features (called high-level interfaces) as OpenACC
does. For complex scenarios, the low-level interfaces
can be used to make full use of hardware features,
whereas for simple scenarios, the high-level interfaces
can be used for eﬃcient development.
The low-level interfaces express enough
architecture-speciﬁc features and can be used for
ﬁne-tuning applications. It will provide a mechanism for implicit data movement between devices
as the uniﬁed memory technique does in CUDA
6.0 (https://developer.nvidia.com/cuda-toolkit-60).
Moreover, the syntax for the low-level interfaces will
be C-based, and C++ features will be supported.
The high-level interfaces comprise a set of directives. The directives can be categorized into two
types: directives for managing parallelism execution
and those for managing data store and movement.
The data region manages data, whereas the computing region handles parallelism execution. The interdevice data movement of content in the data region
can be accomplished automatically. The loops and
code sections in the computing region will be compiled into co-processor kernels that can be run in
parallel on co-processors.
The last requirement for the programming
model is that it should have a set of powerful libraries for all types of special functions that
can run on co-processors, like cuBLAS for CUDA
(https://docs.nvidia.com/cuda/cublas). This is not
a part of the programming model itself, but it is
essential for the eﬃcient development of various
applications.
3.2 Parallelism
Most current supercomputers use ‘MPI+X’
(OpenMP, OpenACC, among others) programming
models to describe programs’ parallelism, including
one of the top supercomputers Sunway TaihuLight.
It would still be a practical manner for a future postexascale supercomputer. Researchers have already
started working on exascale MPI (Balaji et al., 2013),
but there are still many challenges to be addressed,
such as the increasing scale, performance characteristics, and evolving architectural features expected
in exascale systems, as well as the capabilities and
requirements of applications targeted at these systems. As for X that runs only on a single node, there

2018 19(10):1261-1266

would be little diﬀerence on a post-exascale system
as the single node would not change a lot.
Although the programming model would not
considerably change on a post-exascale computer,
programming would become a big challenge on such a
large system. Programmers have to spend much time
on programming on current large-scale systems, especially for programs that will be run on more than
100 million processor cores (Lin et al., 2017). We
think the emerging domain-speciﬁc language (DSL)
is a potential good solution to address this challenge. The Halide language is an example of DSL
that makes it much easier to write high-performance
image processing code on modern machines (RaganKelley and Adams, 2012; Ragan-Kelley et al., 2013),
which gives us a guide on the programming model
on a post-exascale computer. On a post-exascale
system, we may provide programmers with various
DSLs for each speciﬁc domain so that they can write
programs with less eﬀort and higher performance.
Compared with DSL in the HPC area, programming frameworks for big-data applications seem to
be more friendly. MapReduce (Dean and Ghemawat,
2008), Spark (Xin et al., 2013), and Gemini (Zhu
et al., 2016) provide tidy but powerful interfaces
for developers in certain domains. Developing applications on the top of those frameworks is generally easier than using MPI, CUDA, OpenCL, or
OpenACC. However, a traditional HPC programmer
focuses more on performance rather than productivity. Consequently, a programming model should expose most performance-related details to developers
instead of encapsulating everything. Nevertheless,
as supercomputers are becoming faster and faster,
they should have abundant or even redundant computational resources to support a high-productivity
framework, at the price of performance. Simultaneously, a performance-ﬁrst programming model is always necessary for expert HPC users and high-level
framework developers.
There are also some aggressive approaches for
writing codes, such as using artiﬁcial intelligence
(AI) programming or auto tuners. Although machine learning and AI have seen a great leap in recent years, it is still too optimistic to expect an AI
HPC developer before it could build a ‘Hello World’
program in a practical manner.
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3.3 Fault tolerance
Hardware errors will become more frequent as
a post-exascale system will have more CPUs, memory, discs, switches, and air conditioners than those
present today. Consequently, we need to consider
as many hardware components as possible for fault
tolerance. In the past decades, hardware vendors
have made signiﬁcant eﬀorts to tolerate certain failstop errors but lack the tolerance for fail-slow errors.
Users of Sunway Taihulight and Tianhe-2 (two supercomputers in China) have reported errors that make
the system run slower than usual. If a memory chip
has some broken bits, it can still produce a correct
result, but at a much reduced speed. Even worse,
as the scale increases, 2-bit ﬂipping can occasionally
happen but cannot be handled by current devices.
In this case, we will probably obtain an incorrect
result, without noticing this error at all. In the postexascale era, duplication will still be an important
approach toward failure avoidance. Some may claim
that duplication is a waste of resources, but the ﬁnal
goal of any resource is to get the job done. We can
use more resources for higher performance, as well
as for higher reliability. For ABFT, it will alleviate
the burden on developers if most math libraries like
Intel MKL and cuBLAS can provide fault-tolerant
versions.
On a post-exascale system, novel techniques are
required to eﬃciently detect faults, especially performance faults. To detect performance-related errors,
the detection tool should be aware of the system’s
or program’s performance (Tang et al., 2018). Such
an error can be detected when we notice that the
performance is abnormal. A post-exascale programming model should not only provide the application
programming interfaces (APIs) for functionality but
also provide some APIs for developers to understand
their applications’ performance. For silent incorrect execution errors, it is hard or even impossible
to detect them from the system’s perspective as the
underlying system knows nothing about the application’s expectation. Therefore, developers should
be responsible for the result veriﬁcation of their
applications.
Owing to the large scale of a post-exascale
system, new algorithms (Yao et al., 2012) or
new devices are necessary for eﬃcient checkpoints.
In a post-exascale system, nodes may have local
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fast storage, such as solid state drives (SSDs) or nonvolatile memory (NVM) (Dong et al., 2009). We
need a new checkpoint strategy to use those new
devices to minimize the performance overhead. To
enable forward recovery, we must ensure that the
programming framework itself is recoverable; otherwise, it will build a non-stop application on the top
of it.
Fault tolerance programming on a post-exascale
system is more complex than before, so it cannot be
solved solely by the system administrator or the application developer. A co-design from the underlying system, to the programming framework, and to
the ﬁnal application is needed. On the system side,
it should monitor the hardware and software status
and provide the data through some system calls or
libraries. Furthermore, the underlying system tools
themselves should be fault-tolerant. On the application side, it should take care of the correctness of
its result. Using necessary veriﬁcation codes in appropriate places will help avoid disasters. We also
need an interface between applications and system
tools for fault tolerance programming, just as with
MPI for communication. The interface should specify what is being provided by the system and what
should be done inside the applications.

4 Conclusions and future work
In this paper, three signiﬁcant challenges of programming have been discussed for a post-exascale
system: heterogeneity, parallelism, and fault tolerance. The solutions for a post-exascale system
must be aware of the large scale and be speciﬁc to
architectural features. Considering the complexity
and diversity of underlying architectures, we infer
that programming frameworks and domain-speciﬁc
languages will be necessary for future post-exascale
programming.
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