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ABSTRACT
Heterogeneous memory management combined with server
virtualization in data-centers is expected to increase the soft-
ware and OS management complexity. State-of-the-art solu-
tions for both virtualized and non-virtualized systems rely ex-
clusively on the expensive page migrations techniques, limit-
ing the benefits from heterogeneity. To address this, we design
HeteroOS, a novel application-transparent OS-level solution
for managing memory heterogeneity in a virtualized system.
Evaluation of HeteroOS with memory, storage, and network-
intensive datacenter applications show up to 2x performance
improvement compared to the state-of-the-art page migration
techniques.

INTRODUCTION
To address the DRAM capacity scalability bottlenecks [1] and
the need for lower access latency and higher bandwidth, re-
searchers and commercial vendors are exploring alternative
memory technologies such as 3D-stacked DRAM and non-
volatile memory (NVM). These technologies differ signifi-
cantly in latency, bandwidth, endurance; for instance, byte-
addressable non-volatile memories (NVMs) such as phase
change memory (PCM), are expected to offer higher capac-
ity than DRAM, but with higher read (2x) and write (up to
5x) latency and lower bandwidth (5x-10x) [2]. Conversely,
on-chip stacked 3D-DRAM [3] is expected to increase mem-
ory bandwidth by 8x-14x, but with a 2x-4x lower capacity
than DRAM. These differences indicate that a single memory
technology will not solve all memory-related bottlenecks for
an application and that future systems must embrace memory
heterogeneity, thereby, increasing software complexity.

While structuring these heterogeneous memories as NUMA
node in OS seems natural [2], however, due to significantly
different latency and bandwidth, NUMA’s goal of achiev-
ing memory- and CPU-locality are insufficient. For het-
erogeneous memory, the challenge include: (a) identify-
ing performance-critical data and placing them in the fastest
memory, and (b) maximizing utilization of fast memory
with limited capacity. To achieve these goals, prior het-
erogeneous memory management techniques [2] primarily
rely on expensive hot page tracking and migration which
adds substantial software overheads and are ineffective. To
overcome these problems, we design and implement Het-
eroOS – a performance-efficient OS design for an application-
transparent heterogeneous memory management in virtual-
ized systems. The key idea of HeteroOS is to make the guest-
OS of a virtualized datacenter memory heterogeneity-aware,
and transparently capture applications’ memory usage infor-
mation to proactively allocate from the ‘right’ memory type
without requiring page migrations. When direct allocation
and placement from the guest-OS is not possible, HeteroOS
enables a coordinated guest-VMM (hypervisor) management.

ANALYSES
To understand the implications of memory heterogeneity on
applications, we analyzed several real-world datacenter appli-
cations, including memory-, CPU-, and I/O-intensive graph
applications, network and memory-intensive key-value stores,
and I/O-intensive NoSQL databases, on an in-house emulated
(via memory-throttling) heterogeneous memory platform and
on Intel’s NVM emulator. We summarize below the observa-
tions from the analyses. More details of our study are avail-
able in the ISCA 2017 paper [4].
Observation 1. Applications show higher sensitivity to
latency variations compared to bandwidth. We observe
that memory-intensive applications (such as a graph and in-
memory Map-Reduce) show higher sensitivity (slowdown) to-
wards latency increase and bandwidth reduction compared to
storage- (e.g., NoSQL DB) and network-intensive (e.g., key-
value store) applications. Importantly, most applications (ex-
cept graph applications) experience a significantly lower im-
pact from bandwidth reduction compared to latency increase,
mainly because they lack parallelism to saturate the band-
width.
Observation 2. Incorrect memory placement cost in hetero-
geneous memory is significant (more than 5x) compared to
traditional NUMA systems where incorrect placement to a re-
mote memory impacts applications by less than 50%.
Observation 3. The placement of I/O (storage and net-
work) pages in a heterogeneous memory system can signif-
icantly impact performance. Most prior work on heteroge-
neous memory mainly focus on placing/prioritizing applica-
tion’s heap memory to a faster memory. However, for I/O-
intensive applications such as database and key-value stores,
incorrect placement of the I/O page cache and buffer cache
pages to slower memory significantly impacts performance.
Observation 4. Reactive hotness tracking and migration ap-
proaches induce significant software overhead. Most prior
heterogenenous memory management techniques alway rely
of page hotness tracking and migration techniques. However,
software-based hotness tracking and migration can incur sub-
stantial overhead. Hotness tracking using page tables requires
frequent TLB invalidation, whereas, migrations incur substan-
tial page table traversal cost apart from data copy overheads.

DESIGN
Using the observations and the limitations of the state- of-
the-art VMM-exclusive solutions, we briefly discuss the main
design principles of HeteroOS for efficient and application-
transparent management of heterogeneous memory.
Principle 1: Making guest-OS heterogeneity aware.

In contrast to current approaches which do not even expose
NUMA information to the guest-OS, in HeteroOS, we expose
the memory heterogeneity information to the guest-OS. As a
result, a guest-OS can perform fine-grained direct page alloca-
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Figure 1: HeteroOS on-demand allocation, and coordinated
management. In the figure, Steps 1-3 shows on-demand allo-
cation, steps 4-9 shows hotness tracking and migration.

tion and data placement to different memory types and avoid
frequent migrations. To expose memory heterogeneity to the
guest-OS and enable memory type-specific allocations, we re-
design and extend the OS-level page allocator, NUMA-related
data structures, and the VMM drivers.
Principle 2: Capture page usage information to reduce mi-
grations.

To reduce the overhead of page migrations across the
heterogeneous memory, and provide on-demand alloca-
tion and direct placement, HeteroOS, using the guest-OS
heterogeneity-awareness, captures how applications are using
the different memory pages. In particular, HeteroOS monitors
heap and kernel pages (I/O cache, kernel buffer) allocation
ratios, and based on the demand, equally prioritizes their al-
location to FastMem; this is against the traditional wisdom of
always prioritizing the heap before I/O pages (e.g., disk swap-
ping). To reduce the contention across heap and OS-level I/O
pages, we also design a HeteroOS-LRU mechanism that ag-
gressively evicts inactive FastMem heap and IO pages moving
them to slower memory.
Principle 3. Supporting coordinated guestOS-VMM man-
agement to exploit VMM’s holistic view

Direct page allocation and placement using the guest-OS
is not always possible due to capacity limitations. Moreover,
guest-OSes lack a holistic view of other VMs, and direct hard-
ware control is required for privileged operations such as hot
page tracking that must frequently invalidate the TLB for forc-
ing access to a page table. To address this, we design a VMM-
guest coordinated approach where the VMM performs hot-
ness tracking, and the guest-OSes guide the VMM about what
to track and when to track. The actual page migrations are
performed in the guest OS. This is because, guest-OSes have
application-level information and can avoid false migrations,
for example, when pages are detected hot by VMM, but are
released by an application or made inactive.

EVALUATION
We use a 16-core Intel Xeon 2.67 GHz dual socket system,
with 16GB memory per socket. We emulate a fast memory
(FastMem) and a slower memory (SlowMem) by applying
DRAM thermal throttling to decrease the bandwidth by ~9x
and increase the latency by ~5x based on the industrial projec-
tions [5, 6]. We evaluate HeteroOS with well-known Graph
(GraphChi, X-Stream), Redis, and in-memory Map-Reduce
Metis. More details on the heterogeneous memory emulation
and other application results are described in the full paper [4].
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Figure 2: HeteroOS-LRU and HeteroOS-coordinated perfor-
mance gains compared to the state-of-the-art migration-only
approach.

In Figure 2, the X-axis shows the FastMem to SlowMem
capacity ratio and the Y-axis shows the improvements com-
pared to a naive approach of using SlowMem only. In our
experiments, we set SlowMem memory size to 8GB per guest-
VM, and vary the FastMem capacity ratio to 1GB and 2GB.
We compare the following approaches: Migration-only corre-
sponds to the state-of-the-art techniques, where hotness track-
ing and migration is done by the VMM transparent to the
guest-OS. The HeteroOS-LRU represents a guest-OS-based
approach that performs direct memory allocation and place-
ment based on the demand for heap, and I/O pages. The
HeteroOS-coordinated approach combines the on-demand
HeteroOS-LRU approach with the VMM-level hotness track-
ing. Finally, the FastMem-only approach represents a hypo-
thetical configuration where a system has sufficient FastMem.

First, the HeteroOS-LRU approach, with its on-demand
guest-aware memory placement improves performance sub-
stantially compared to both the naive approach and the mi-
gration only approach. For instance, by reducing page mi-
grations, the HeteroOS-LRU approach provides an average
(across applications) of 69% gains relative to naive approach,
and 20% over Migration-only for 1:4 FastMem to SlowMem
ratio. However, the guestOS-level direct placement is insuffi-
cient for memory hungry applications. The VMM-guest co-
ordinated approach combines the guest-OS level direct place-
ment with the hotness tracking and migration approach to in-
crease the average gains by 79.7% compared to naive place-
ment, and 31% over Migration-only approach for 1:4 ratio
(and up to 2x gains for GraphChi). More evaluation results
can be found in our full paper [4].
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