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ABSTRACT

Recently there has been significant development and innovation in
both frontiers of Heterogeneous Memory and Heterogeneous Com-

pute domains. This paper summarizes the challenges, surveys re-
lated work, and proposes possible research directions to exploit
both heterogeneous memory and compute resources in a computer
system. We focus our discussion on the memory system and also
touch issues related to heterogeneous compute.

CCS Concepts

•Hardware → Semiconductor memory; •Software and its en-

gineering → Memory management; •Theory of computation

→ Parallel algorithms; •Computing methodologies → Parallel

programming languages;
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1. SYSTEM ARCHITECTURE
Heterogeneous Memory Hierarchy: Several new memory tech-

nologies such as die-stacked DRAM [15] and non-volatile memo-
ries (NVMs) [38] provide high bandwidth, new read/write latency
characteristics, non-volatility and other new memory features. In
the near future, programmers may face the challenge of program-
ming a rather complex system consisting of diverse heterogeneous
memory components, each of which presents a unique organization
and characteristics. The concept of heterogeneous memory archi-
tectures has been a hot research topic [24]. The system architecture
will influence how the software stack evolves and how applications
are written.

Figure 1 a) shows a simple view on how such a system may
look like from a hardware point of view. Figure 1 b) shows the
components that may be involved in the software stack. In addi-
tion, conceptually we can deem such a system in an abstract view
shown in Figure 1 c). It is easy to realize that the memory hierar-
chy design presents many different design alternatives. For exam-

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full cita-
tion on the first page. Copyrights for components of this work owned by others than
ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or re-
publish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

MEMSYS ’16, October 03-06, 2016, Alexandria, VA, USA

c© 2016 ACM. ISBN 978-1-4503-4305-3/16/10. . . $15.00

DOI: http://dx.doi.org/10.1145/2989081.2989097

ple, one level of memory can be a backing store for another level,
used to cache data for another level, or be in parallel with another
providing NUMA accesses. Furthermore, each type of processor
(e.g., CPU and GPU) may have their own memory subsystem (also
processors in memory (PIM) and active storage). At a high level,
the memory system has become increasingly complicated (e.g., a
tree structure [13]). Importantly, different memory subtrees may
present heterogeneity and different characteristics. No wonder that
managing memory mapping and data movement in such a system
is not trivial. A simple system abstraction and programming model
is critically needed for programmers to program such systems.

Hardware vs. Software-managed memory: As a first require-
ment, a clear definition of the roles of hardware vs. software for
memory management is necessary. For software management, it
can be performed by the operating system, compilers, user-level
libraries, application programs or their combinations. Given n lev-
els of memories, a typical organization is there exists one or more
"transitioning" levels as a separation point i, such that the 0 →

i levels are managed by hardware while the (i + 1) → n − 1
levels are managed by software. In other words, this defines the
main division point for in-core or out-of-core memory manage-
ment. Which memory levels are treated as transitioning points has
important implication on how programmers view the whole sys-
tem, which in turn affects the development of software stack and
what hardware features are exposed to software. The recent de-
velopment in GPGPU and embedded systems has already reflected
a trend that more memories are designed to be software-managed.
In fact, at the same memory level, both software and hardware-
managed memories can be provided (e.g., cache vs. scratchpad
in GPU’s L1). The goal is to provide programmers more flexible
control and achieve high performance. Given increasing number
of memory levels, we envision that programmers will take more
responsibility to deal with explicit data movement in those levels
managed by software.

There are different proposals treating new memories in differ-
ent ways. For example, stacked DRAM can be utilized as a high-
bandwidth, hardware-managed last-level cache, bridging the gap
between SRAM-based on-chip cache and slower DRAM [22]. Al-
ternatively, it can a part of the physical memory space in parallel to
DRAM and managed by the OS virtual memory system. Advanced
hot page detection and page migration can be integrated to lever-
age the stacked DRAM more efficiently [24]. This is also true for
NVM [38]. In addition, the way how the memory is exposed can be
different. A design can treat NVM as part of physical address space
(i.e., accessible through a load/store interface) [9,36] or as fast stor-
age [1]. In addition, a system can be dynamically configured to dif-
ferent designs to better meet diverse application needs. Of course, a
solution depends on different requirements and the compatibility to



legacy software, however there is no general guideline for system
configurations for different scenarios. This makes application de-
velopment a challenge because it is highly likely that applications
assuming one model are not portable with another model. Though
works have been done to standardize the model [3] for specific ar-
eas – a holistic design approach is needed by considering the whole
system architecture.

Memory Space Abstraction: Software development in shared
virtual memory is the easiest for programmers. Traditionally, pro-
grammers benefit from the virtual memory abstraction provided by
OS. If we use the existing model for the new memories, it is un-
clear if a single, flat address space is a good abstraction for certain
applications, because it does not represent the underlying memory
topology and individual memory properties. Ideally the underlying
software or hardware can intelligently detect and determine desir-
able mappings of data to different physical memories. However,
it is unclear if an effective solution exists. The best approach to
abstract memory spaces remains an open question. It may be use-
ful that separate address spaces or virtual memory regions – along
with hints for memory mapping (e.g., fast/slow, memory level or
persistency [9])– are provided to programmers in order to control
memory allocation and data placement (e.g., pmalloc [36]). Mem-
ory copy operations are also necessary to support data movement
across different spaces or regions. This also requires innovation in
API and design of programming languages (e.g., types).

Heterogeneous Compute: GPUs, FPGAs and other coproces-
sors offer alternatives to traditional CPUs and better compute effi-
ciency for a variety of applications. However, to fully utilize them
requires significant programming efforts especially in the presence
of heterogeneous memories. In addition to the challenge of ex-
pressing concurrency, a critical issue is that different processors
may not "see" the memory system in a uniform way. For exam-
ple, a GPU may only be able to access its own device memory
region (or can be part of the physical space) in certain systems.
There has been some efforts to improve this issue, however addi-
tional work remains to be done. For example, recent development
of HSA [14] allows the CPU and the GPU to share the same virtual
address space and supports the "a-pointer-is-a-pointer" semantic.
In addition, some initial work has also been proposed to allow GPU
threads to directly access files and I/Os [31]. Future programming
environments should incorporate these or similar features for better
programmability.

2. APPLICATION AND ALGORITHM DE-

VELOPMENT
It is difficult to write applications for a system where the un-

derlying system still has many undefined variables. Consequently,
application development has been slow for such heterogeneous sys-
tems. This adversely limits the pace of architectural studies since
there are no well-developed benchmarks to drive the design. For
example, simulations usually use existing benchmarks with sim-
ple modifications or generated memory traces. Applications which
directly take advantage of emerging memories are difficult to find.
Existing CPU and GPU application development tends to be mature
but they may need to be entirely rewritten to exploit the memory
hierarchy and new memory features (e.g., non-volatility). Though
prior works [8, 22, 24] leverage new memories without application
changes, algorithmic innovation is needed to fully exploit the sys-
tem.

External Memory Algorithms for New Memories: To allow
applications to exploit the complex memory hierarchy and also the
parallelism of heterogeneous processing elements, one option is to

start by revisiting the development of external memory (or out-of-
core) algorithms and adapt them to the new architecture with neces-
sary innovation in algorithms, data structures, and other optimiza-
tions. For example, external memory algorithms are traditionally
used to deal with large dataset problems which cannot fit into the
main memory. The dataset is broken into chunks (e.g., in storage
such as SSD and disk) and the algorithm defines the most efficient
way to divide and move chunks across the main memory and the
disk to compute a problem. In the past, the cache vs. memory rela-
tionship is different enough than the memory vs. disk relationship
(e.g., bandwidth ratio), thus some external memory algorithms may
not exploit cache efficiently [33]. However, today new memory
technologies help bridge the gaps in latency and bandwidth, which
may make these algorithms more promising. Characterizing these
algorithms will be useful in understanding and designing better au-
tomatic mechanisms to improve the performance of existing appli-
cations without any code change. However, these algorithms need
redesign and extensions to exploit a heterogeneous, more complex
memory hierarchy. Since they originally assume a parallel disk
model (PDM) [34, 35], research needs to take the asymmetric rela-
tionship of different memories (e.g., capacity, latency) into account.
Explicit out-of-core data management can be very efficient. For
example, recent work [20] on irregular graph algorithms with SSD
shows that a workstation can approach the performance of a small
machine cluster. We envision that future multi-node systems may
integrate the advancement of both external and distributed memory
algorithms [17]. Additionally, inside each chunk, data parallelism
can be optimized by the heterogeneous processing elements. Also,
there are designs which use NVMs in each node of a cluster to
increase the memory capacity for compute purposes, besides use
them for burst buffers and checkpointing [18].

Access Patterns: An important goal of application development
is to minimize data movement and improve effective memory band-
width utilization for better performance and energy efficiency. This
requires a better understanding of memory access patterns espe-
cially in a larger granularity (e.g., in chunk or page). Many algo-
rithms do not access data in a sequential, streaming fashion. They
read and write multiple chunks which are scattered throughout dif-
ferent memory levels or locations in the same level. Simple "de-
mand paging" like solution is not sufficient. Without an explicit
memory control interface or smart paging mechanisms, they may
not be able to take full advantage of the memory hierarchy. Pre-
vious work has studied various basic algorithms to improve I/O
efficiency. These problems present diverse access patterns, ranging
from: 1) the simplest scenario where all reads/writes happen locally
within a chunk, through 2) a more complicated scenario where data
communications happen across a subset of chunks (e.g., sorting,
grid computation, linear algebra algorithms, and fft [21, 33]), to
3) the most challenging scenario where memory accesses are ran-
dom [7,20,29]. Because some problem is data dependent [5,20,21],
the algorithm needs to be carefully designed to determine what data
to load to lower-level memories (closer to cores) in order to re-
duce the overall communication cost. As an example, this may
be achieved through prediction (e.g., sampling in sorting [21]) or
novel data structures and scheduling mechanisms (memory-shard

and sliding window for GraphChi [20] ). Furthermore, one may
prematurely think an algorithm designed for distributed memory
systems will naturally map well to multi-level memory system.
However this is not true, because certain algorithms that are ef-
ficient on distributed memory parallel systems have no efficient
multi-level memory schedules [33].

Library: To improve programming productivity, library devel-
opment for useful software building blocks and basic algorithms is



Figure 1: An architecture consisting of heterogeneous memories and processors

needed. Due to previously mentioned challenges, libraries which
can transparently leverage both heterogeneous memories and het-
erogeneous processors can alleviate programmers from dealing with
architectural details. For example, important structures such as
stacks, queues, priority queues, maps and their associated opera-
tions (e.g., those in C++ STL) can be developed and extended for a
system similar to the one in Figure 1. In the meantime, important
parallel primitives (e.g., reduction, sort, scan) processing very big
data sets can be accelerated with GPUs and other accelerators, by
taking advantage of the new memories. For example, data can be
divided to small chunks , each mapped to a GPU workgroup/thread
block.

3. RUNTIME, DATA LAYOUTS, AND OP-

ERATIONS
Scheduling and Load Balancing: An important issue is how

to schedule and place chunks in the memory hierarchy in an order
to maximize locality and reuse, and limit redundant data move-
ment. For example, to compute the result of a chunk in some ap-
plications (e.g., grid, FFT), data from several chunks are needed
as input, therefore these chunks are ideally scheduled to be loaded
adjacently to a memory level; similarly, each chunk is further de-
composed into smaller chunks and loaded into another level closer
to cores. Apparently data chunks present interdependencies among
each other and the scheduling needs to follow the natural data flow.
In addition, from the compute perspective, there is another dimen-
sion of task dependency [30]. Both control and data dependencies
should be considered together to decide an optimized scheduling
order by analyzing both the task and data flow graphs. In addition,
a desirable schedule will allow an asynchronous way of execution
by overlapping computation and data movement. Because both
cores and memories present heterogeneity (e.g., compute through-
puts, NUMA). Dynamic load balancing mechanisms are necessary
and can be integrated to the runtime framework for problems where
application behavior is difficult to predict (e.g., by static schedul-
ing).

Data Layout: For the same application, execution on different
architectures may favor different memory layouts and access pat-
terns in a heterogeneous environment. SIMD organizations gener-
ally perform best when each thread or lane of a SIMD operation
accesses adjacent data (e.g., memory coalescing), while scalar or-
ganizations (CPU) perform best when a single thread accesses ad-
jacent data. Therefore, some application may prefer a row-major
layout on the CPU while a col-major layout is preferred on the
GPU [6]. For sparse matrix problems, the choice of data layouts
(e.g., CSR, ELL) not only depends on architectures but also pro-
gram inputs [4]. Furthermore, some applications may switch ac-
cess patterns in different execution phases, which further compli-

cates the issue [23]. One can imagine when data migrates across
memory levels, chunks can be transformed and stored in different
formats. In fact, for applications with sufficient data reuse, main-
taining diverse layouts is beneficial [6, 32]. However, this requires
the runtime system to reduce the transformation overhead (e.g., la-
tency and shadow memory capacity) with optimized buffering and
data reorganization operations [2]. It may also be useful that layout
control is exposed to the programming API.

Useful Operations: Several operations may help to enable effi-
cient data movement. These include memory-to-memory and DMA
operations which bypass original round trips to CPU cores. For ex-
ample, special memcpy can be developed to enable data transfers
between different memory modules or levels. This can be accom-
plished with optimized network transmission and routing for fast
data delivery. Memory operations which reorganize data can use
the help from PIM [16]. Finally, coarser-grained prefetching is use-
ful for many applications in such systems. For example, the active
data chunk can reside in lower-level memories. When it predicts
a next chunk is going to be used soon (a simple example is stack
and queue operations), prefetching is more efficient to execute at
the data chunk and page granularity.

4. PROGRAMMING ENVIRONMENT
Extension to Existing Programming Models: The ideas of pre-

vious works [9–12,25–28,36] can be used to facilitate the program-
ming environment development for such systems. The capability
to explicitly manage parallelism (e.g., fine-grained parallelism in
OpenCLTM/CUDA) and data movement (for out-of-core memories)
is needed in an integrated programming environment. Alternatively
it may be possible a high-level language and API (e.g., OpenMP)
are extended with hints so that the compiler can emit code with
calls to low-level libraries and transform the program to exploit
the memory hierarchy with explicit data transfers. For example,
Colvin and Cormen [10] design an API which allows programmers
to define shapes in traditional disks as outofcore. And the com-
piler translates the code into both in-core and out-of-core codes
respectively. As another example, new directives are proposed to
map data structures to high-bandwidth memories [19]. In either
case, a new programming model may require the feature to identify
both the underlying memory topology and properties of individual
memories (e.g., volatility, size). Recently, we have seen some trend
moving towards this direction. HSA [14] includes the concept of
memory scopes in the memory model. Memory scopes are used
to limit the visibility of a memory operation to specific hardware
processing elements, and support various memory-ordering options
(e.g., sequential, acquire-release, and relaxed consistencies). This
model can be extended to use in our system. Also, the capability to
allow programmers to leverage the knowledge of numerical algo-



rithms to direct data placement and movement will be useful [37].
Previous works also propose programming styles [9, 36] for NVM
and include the support of basic primitives, data structures, and
pointer management to ensure persistency with transactions. Re-
search needs to be done to incorporate these concepts into a unified
programming model.

Programming Abstraction and Recursive Execution: Given
a tree-like memory hierarchy (Figure 1 c), new abstractions to pro-
gram memories are needed. However, most existing models de-
scribe the distribution and horizontal communication of data among
nodes (symmetric) of a parallel machine. We propose that a possi-
ble solution could be to use a similar concept to the Sequoia-type
model [13] and design it to support a heterogeneous memory hi-
erarchy and heterogeneous processors. For example, programmers
can specify the working sets (e.g. dimensions and sizes of data
chunks with an API) mapped to different memory levels (e.g., SSD,
NVM, stacked DRAM, cache, etc.), respectively. The data can be
recursively decomposed, scheduled and moved towards lower-level
memories across the memory hierarchy. The computation tasks are
mapped to leaf chunks (the smallest decomposition) of the recur-
sion tree. The task can be written and distributed to different pro-
cessor types. To achieve this, the topology structure of the memory
hierarchy can be maintained, in order for the scheduler to distribute
tasks to each subtree in an efficient way. This can be in the form
of memory tree with each node representing a memory node (with
its characteristics) and each tree level representing a memory level.
This model is also helpful for enabling load balancing, since each
tree node can keep track of the data (e.g., capacity usage) and on-
going tasks belonging to its owned subtree. The information can be
used for enabling dynamic load balancing.

5. CONCLUSION
This paper summarizes some issues which are important to make

it easy to program a system with heterogeneous memories and het-
erogeneous processors. Our discussion covers several aspects in-
cluding the system architecture, roles of hardware vs. software, ap-
plication and algorithm development, and programming model and
runtime. This is by no means a complete list and some points are
even debatable. However, it is important that the issues are clearly
defined and then resolved to advance the research in improving het-
erogeneous systems.
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