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1. Introduction

It is well accepted that heterogeneity and increasing intride complexity will be key features of future exascale- sys
tems. Many supercomputers already have heterogeneoukelsrawithin each node, with the CPU-GPU nodes, and the
emerging architectures that feature an on-chip integraifa GPU are also likely to used for supercomputers.

To maintain (performance) portability and programmer piciivity, we must develop mechanisms for mapping com-
putation specified in a high-level language (e.g. a datallpa@ a domain-specific language) to heterogeneous cores
within such node. This requires a highly efficient runtimsteyn, capable of dynamically scheduling the computatiods a
managing communication between different cores as redjfirethe loop, while paying attention to the complex memory
hierarchy.

2. Current Work

In preparation for handling complexities in the anticiphéxascale systems, we have been working with the current het
erogeneous systems, including architectures witecaupled (NVIDIA) GPU and the AMD Fusion CPU-GPU. In the near
future, we will continue to evaluate our framework on thesé ather upcoming systems (like the Intel MIC architecture)
while ensuring the scalability of the framework to handigé number of cores and even higher diversity of resources.

As we discussed earlier, one crucial challenge is to exgifeitombined processing power of different types of cores,
e.g. CPU cores and GPU cores, for the same computation. dtugpal is to divide the work between CPU cores and one
or more GPUs on each node. We prefer dynamic schemes, slatiea@erformance of different processing units can vary
across applications and input datasets. Suppose, ipitiadit we can view the computations we are targeting as adtimh
of independent tasks. This is not entirely true when communication is involvedt ban serve as an initial starting point,
before we consider communication associated with eachfgpeattern.

In recent work at Ohio State, we have developed an extensweefvork for runtime partitioning of work between
CPU cores and a decoupled GPU. Using this framework, we herwudstrated how generalized reductions [4], stencil
computations [3] and irregular reductions [1] can be schledsing both CPU and GPU. The main issue in this work has
been to minimize the number of times a GPU kernel is invokdileralso ensuring that idle time of either of the resourses i
very low. Other challenges have been minimizing the amofiobmmunication for stencil computations [3], and effeetiv
partitioning of irregular meshes so that runtime schedulnfacilitated [1]. Our work has shown that significant sphges
are possible for all classes of computations by using the @mRthe multi-core CPU simultaneously, over the best case
between GPU-only and CPU-only execution.

In our ongoing work, we have developed a runtime framewotk thie same goal for the AMD Fusion architecture. The
details of this framework are quite different, as commutidcaover PCI-Express is no longer required to execute on $PU
However, there are many complex challenges related to mehierarchy, data movement and keeping the overheads of
scheduling low. Since the same set of issues are likely $& @émieach node of the anticipated exascale systems, weéelie
that the synchronization-free scheduling framework weehdaveloped for AMD Fusion also forms the basis for exascale
runtime services.

Synchronization Free Scheduling:Initially, we assume that the work in a data parallel loop besn divided into inde-
pendent tasks, and communication is somehow handled dgrréme approach could be to maintain a sintgisk queue,
which will be shared and accessed by all the thread blocks fiifferent processing units, like the CPU and the GPU.
Clearly, in such a case, locking will be needed on the taskiejte ensure that the same task is not taken by two different
blocks. This design is not desirable, both for AMD Fusiord anemerging systems with even more cores within a node,
for several reasons.

Basic Ideas: In view of our observations above, we have designed a noheldsding framework, which we refer to as the
synchronized-free scheduling framework. The framewosgkimmmarized in Figure 1. Itis based on the popular masteesla
model. A master thread is responsible for scheduling thestlem a task pool. Once all the tasks have been assigned,
the master thread also informs all the thread blocks thaéetiiee computation is finished. The scheduling decisioes ar
made by thescheduling module, where different algorithms can be implemented. Comparele scheduling methods that
have been used for CPU-GPU environments [4] the smallestsiding unit in our new model is not based on devices, but
instead, on thread blocks, i.e., all thread blocks, fromG@R&J or the GPU, are assigned their tasks independently. This
scheduling strategy avoids the synchronization overheside each device. Besides the scheduling module, the roidiar
component of the system istask interface pool, which can be viewed as a communication interface betwesmtster
thread and the thread blocks. The master and slave intesdotlews. If there are available tasks in the task pool, the
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master thread will iterate all the existing thread blocksabihe devices, until it finds free thread block. Next, the master
thread will assign a new task to this thread block, the sizeta€h depends upon the scheduling algorithm used. After it
is assigned a new task, the thread block is informed thatehetask is now available by updating a variable. On the slave
side, one particular thread will be in charge of taking nesksafor all the threads from that thread block. If new work is
available, this will store the starting point and the workeson the shared memory. Then, before doing the computation o
the new task, it will also indicate to the master that it isdyeto prefetch the next task. The benefit of prefetching is that the
cost of distribution of the new tasks can be overlapped withdomputation. From our discussion, we can see that no two
threads update a particular task interface at any time useoaf the way the conditions are used before reading omgriti
This eliminates the need for any locking, and thus, the higdrlteads and even potential correctness problems.
Observations - Evolving the Framework for Future Systems:
Overall, our design can handle many challenges we anteipat
in intra-node architectures of the anticipated exascaltesys -
massive concurrency, heterogeneity of resources, caatén-
tion to memory hierarchy features, and careful load batanci
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Runtime Routines for Different Communication Patterns:
Based on the scheduling framework described above (and the ‘ ‘ ‘ t ‘
precursor framework designed for decoupled GPUs [1, 3, 4])
we have created runtime modules that can execute a loop with
stencil computations, generalized reductions, or irr@gudduc-
tions. For each pattern, we have developed runtime routaute t
can handle partitioning and communication, while invokihg Figure 1:: Synchronization Free Scheduling Framework
task scheduling framework that has been customized forahe Ror AMD Eusion

ticular architecture.

3. Related Work

For accelerating an application using CPU and GPU simuttaslg, Teodoraet al. [5] describe a runtime framework that
selects either of a CPU core or the GPU for a particular tagiceRtly, the Qilin system [2] has been developed with an
adaptable scheme for mapping the computation between CBGBb simultaneously. The Qilin system trains a model
for data distribution based on curve-fitting. Our work, imgmarison, is based on dynamic work distribution, and doés no
require any offline training.
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4. Discussion

Challenges AddressedWe are addressing the problem of scaling performance witte&sing intra-node parallelism and
heterogeneity, while maintaining portability and prograer productivity.

Maturity: The approach has been demonstrated to be successful inistiagxlass of architectures that involve intra-node
heterogeneity.

Uniqueness:Architectures where a single node has a large number ofrédiyeores have not been available in the past -
they are only beginning to emerge and will be the norm as weenhmwards the Exascale era. Thus, the framework we are
proposing is quite unique to exascale computing.

Novelty: We are not aware of any other work which combines dynamicdidh on heterogeneous cores with manage-
ment of partitioning and communication. Most work has beescheduling of independent tasks.

Applicability: The work will be broadly applicable towards supporting highel APIs for parallel computations.

Effort: The effort will depend upon 1) how many diverse communicagiatterns arise in applications that need to be ported
on exascale architectures, and 2) how many different a&cthites exist. We have been successfully developed sudto
three common patterns on two different architectures dwefdst 2 years.
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