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Abstract
Increasing dataset sizes require larger application heaps.
With recent technology limitations in DRAM scaling, mod-
ern datacenters resort to using the virtual memory mech-
anisms, i.e., the swapper (swap), to transparently extend
application heaps over fast, block storage, such as NVMe
SSDs or compressed DRAM. At the same time, larger heaps
incur increased TLB miss and page fault handling CPU costs,
necessitating the use of hugepages for their reduction, now
viable given the advent of lower latency and higher through-
put storage devices.
However, the use of Transparent Hugepages (THP) com-

bined with memory offloading in Linux currently has signif-
icant limitations. Hugepage utilization behaviour is overly
aggressive in committing memory, and too coarse-grained
for memory offloading purposes. Additionally, hugepage pro-
motions lack the responsiveness and concurrency necessary
to provide timely hugepage benefits to offloaded applica-
tions.
To address these issues, we design xHeap, an alternative

file-backed mmio path for the Linux kernel, which (a) decou-
ples the use of memory for device-backed heaps from other
functions in the kernel, (b) transparently supports regular
pages and hugepages at fine granularity, and (c) provides
concurrent, asynchronous promotions to adapt to runtime
application behaviour.
We implement xHeap as a loadable module in Linux to

minimize kernel modifications, maintaining complete inter-
operability with the kernel memory management subsystem,
and evaluate it with a variety of workloads. We find that
xHeap reduces dTLB miss cycles by up to 15×, and improves
performance by up to 76%, when offloading 15-25% of appli-
cation memory, compared to swap with THP.
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1 Introduction
The current proliferation of data-intensive applications, with
growing dataset sizes, places increasing strain on the mem-
ory (DRAM) of modern datacenter servers [7, 10, 37, 40, 64].
However, DRAM capacity scaling is limited due to tech-
nological challenges. Additionally, DRAM cost, both mon-
etary and in power, represents an increasing percentage
of overall datacenter expenses [64]. These factors motivate
approaches to reduce DRAM needs by offloading portions
of the application heap. Meta and Google use Transparent
Memory Offloading (TMO) [64] and software-defined far
memory [17] respectively, to offload up to 20% of applica-
tion heaps over fast block-addressable devices, including
NVMe SSDs and compressed DRAM, e.g., via zram [36]. At
the same time, growing application heaps place increasing
stress on the host CPU’s TLB, incurring increased overhead
in TLB misses on virtual address translations. Recent per-
formance analysis on in-memory heaps at Google [25] and
Meta [68] shows that up to 20% of total CPU cycles in the
datacenter are spent on handling TLB misses. As such, the
use of hugepages has been examined to improve host CPU
efficiency. Hugepages are hardware-supported pages larger
(2MB on x86_64, 1GB also supported) than the base (regu-
lar) page size. Given favourable access patterns, hugepages
improve TLB coverage and reduce kernel processing costs
for page faults and page batching operations.

In this work, we argue that hugepages should be utilized
in memory offloading setups, to improve CPU efficiency with
regards to TLB miss handling, while reducing application
DRAM requirements. Recent advancements in device tech-
nology, such as high-throughput NVMe [1] or CXL [49] SSDs,
which significantly reduce I/O overheads [2, 27, 65], further
support this notion. However, hugepages cannot be used as
a drop-in replacement for regular pages in the presence of
memory offloading. Applications may exhibit sparse, fine-
grained accesses over portions of their heap, resulting in low
or high hugepage coverage [4, 6, 32]. For such applications,
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using hugepages indiscriminately for the full heap through-
out execution incurs memory bloat [29, 44, 70], which in
turn leads to excessive I/O for device-backed heaps. Further-
more, application behaviour may change over time [41, 48],
motivating the demotion of hugepages to regular to improve
memory efficiency, or the timely promotion of an address
range to a hugepage to improve CPU efficiency. The lat-
ter involves the replacement of all regular pages backing
an aligned, hugepage-sized virtual address range, and their
page table entries, with a hugepage and single hugepage ta-
ble entry. Current OS-level support for hugepages combined
with memory offloading remains problematic in this regard.

The current Linux mechanisms deployed for application-
transparent memory offloading and hugepage utilization,
are swap and Transparent HugePages (THP) respectively.
Their combination, while possible thanks to kernel support
for swapping out entire hugepages [26], leads to significant
performance issues related to two aspects of hugepage uti-
lization. (1) Aggressive, coarse-grained hugepage fault
handling: The Linux kernel provides a single pair of flags
(MADV_(NO)HUGEPAGE) for use by hugepage-aware appli-
cations (e.g., viamadvise). These flags are set at coarse Virtual
Memory Area (VMA) granularity, which prevents the selec-
tion of fine-grained virtual address ranges for hugepages, as
the kernel imposes a limit of 64K VMAs per process. Without
explicit application hugepage awareness, the decision to use
hugepages boils down to a single, system-wide always/never
switch. When enabled, the kernel aggressively serves page
faults with hugepages so long as enough free memory is
readily available, which can lead to thrashing with excessive
swapping, and thus increased I/O traffic. (2) High-latency,
low-throughput hugepage promotions:Onmemory pres-
sure, page faults are served with regular pages, and a back-
ground kernel daemon, khugepaged, handles hugepage use.
khugepaged linearly scans process address spaces and ag-
gressively promotes virtual address ranges with at least one
regular page table entry to hugepages. Promotion through-
put is thus limited to khugepaged’s throughput. At the same
time, khugepaged avoids promoting ranges with swapped
out pages above a threshold 1 (64 by default) to limit I/O traf-
fic, and sleeps 2 for 10s between scans to minimize CPU cost.
Therefore, khugepaged fails to provide for timely hugepage
promotions in the context of memory offloading.

To address these issues, we present xHeap, an alternative
memory-mapped I/O path in the Linux kernel. xHeap pro-
vides transparent regular and hugepage support for device-
backed heaps. It is implemented as a Linux kernel module to
facilitate deployment while minimizing kernel modifications,
requiring only a single added if-check in the kernel page fault
path. The main design decisions and mechanisms of xHeap
are:

1/sys/kernel/mm/transparent_hugepage/khugepaged/max_ptes_swap
2Ibid./scan_sleep_millisecs

1. Decoupled page management: xHeap uses separate
preallocated regular and hugepage pools to minimize
hugepage allocation stalls, prevent hugepage-incurred
external memory fragmentation, and decouple itself from
the Linux kernel page cache and page allocation, reclama-
tion, and writeback paths.

2. Fine-grained hugepage support: xHeap augments its
page fault path towards the fine-grained mixture of regu-
lar pages and hugepages. To do so, it enables hugepage se-
lection on a page fault basis, contrary to the Linux coarse-
grained hugepage utilization approach.

3. Concurrent and asynchronous hugepage promotions:
To remain responsive to application pattern changes, and
hide hugepage I/O stalls, xHeap implements asynchro-
nous hugepage promotions. Unlike Linux THP, xHeap
schedules promotions based on application page fault pat-
terns, and utilizes the increased I/O capabilities of newer
offloading mediums by allowing for multiple concurrent
promotions.

We evaluate the performance of xHeap compared to swap,
both on its own and combinedwith THP to allow for hugepage
use. Although the choice of backing device technology is
orthogonal to xHeap, we choose to use NVMe SSDs as they
offer abundant capacity at low cost/GB, high throughput,
and high concurrency. We use data-and-compute intensive
workloads, namely data deduplication [9], support vector
machine (SVM) [31] and particle transport simulation [61],
offloading 15-25% of their max RSS, around the range of 20%
as reported by TMO and software-defined far memory.
We find that, compared to swap with THP, xHeap with

asynchronous hugepage promotions reduces data TLB miss
cycle percentage by 2.5-15×, and improves overall applica-
tion performance by up to 76%.

2 xHeap Design
xHeap is designed as an alternative mmap path for file-
backed memory mappings, in the form of a Linux kernel
loadable module. Figure 1 shows the placement of xHeap
within the Linux kernel. xHeap may operate directly over a
raw block storage device or over an existing filesystem. In
the latter case, we use wrapfs [67] to intercept Linux VFS
operations and redirect them to the underlying filesystem as
appropriate. It is important to stress that xHeap is designed
to be independent of the virtual memory mechanisms (reg-
ular and hugepage) of the kernel, however, remains fully
interoperable with the existing kernel paths. This has three
significant benefits: (a) it allows a server to simultaneously
host applications with regular and device-backed heaps, (b) it
reduces interference for applications that use device-backed
heaps with respect to native kernel virtual memory support,
and (c) it allows deploying xHeap with almost no kernel mod-
ifications, a significant challenge for the types of functions
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Figure 1. Placement of xHeap components within the Linux
kernel. xHeap boundaries denoted by dashed lines. Dotted
lines denote component interaction.

required and performed by the virtual memory management
path.
xHeap is entirely transparent to applications, as long as

the memory allocation library uses file-backed mappings to
allocate virtual memory regions. We use libvmmalloc [51],
but any other library can make use of xHeap via file-backed
mappings. Once the xHeap module is loaded, any file-backed
mapping established over the xHeap-managed device/files
utilizes xHeap’s custom page fault, allocation, reclamation,
and writeback paths. For completeness, xHeap also imple-
ments traditional file-based operations beyond mmap, such
as buffered and direct read/write system calls.

Next, we present the main design decisions and challenges
for using hugepages in device-backed heaps.

2.1 Decoupled page management
Similar to previous works [47, 62], xHeap reserves a pool of
pages for use by applications. This allows xHeap to reduce
interference with the kernel and implement its own page
allocation and reclamation paths without modifying core
components of the kernel memory management subsystem.
The xHeap page pool is global, and shared by all applications
extending their heap over xHeap. Its size is specified when
loading the xHeap module as a parameter, and semantically
corresponds to the total DRAM budget allotted to xHeap for
heap extension. To minimize interaction with the Linux page
allocator, xHeap allocates pages equal to the total pool size
from the kernel on module initialization.
Preallocating pages for the page pool presents a design

decision on how to split DRAM between regular pages and
hugepages. A fully flexible pool, similar to the kernel buddy
allocator, would initially allocate all memory in hugepage-
sized chunks and then use these chunks either as single-
unit hugepages or split them and use parts of them as reg-
ular pages as needed. However, splitting and partial real-
location of hugepages incurs external memory fragmen-
tation [39]. As fragmentation increases over time, Linux
requires costly compactions [12, 43] to create contiguous
free memory for new hugepages. Compactions cause long

application stalls [20, 45, 68] and may even fail to create
hugepages [39], limiting the associated benefits.

xHeap uses two separate page pools, one for regular pages
and one for hugepages. There is no page movement between
the pools, and each pool makes separate decisions for page
reclamation and writeback (Figure 2). This guarantees that
hugepages are always available via reclamation within the
hugepage pool without compactions. A set of kernel threads
is responsible for page writeback in each pool. The page
replacement policy is an approximation of CLOCK, with
separate clock hands in per-core page queues, to minimize
synchronization costs on heavy reclaim activity. Statically
dividing the page pool may hinder performance for work-
loads with massively varying access patterns under xHeap.
However, we find that it suffices to dedicate most of the
xHeap DRAM budget to hugepages to maximize hugepage
performance benefits, while leaving a small portion of reg-
ular pages to serve sparse accesses. Augmenting the xHeap
page pool with compaction to allow for pool resizing is or-
thogonal to the current design. We note that resizing and
compactions will also require an accompanying policy for
determining the size of each pool. We leave the exploration
of these issues as future work.

2.2 Fine-grained hugepage support
Fine-grained hugepage support requires the ability to handle
multiple page sizes during application page faults. For this
reason, xHeap provides a custom page fault path (Figure 2),
which we discuss next.

xHeap initially registers two page fault handlers, one for
regular pages and one for hugepages, and associates them
with xHeap mappings. The kernel may then invoke either
of these handlers as part of the common page fault path,
depending on the state of the faulting address. The kernel
first attempts to invoke the hugepage fault handler if the
address maps to a hugepage table entry or when no page
table entry exists. The xHeap hugepage fault handler uses
a policy to choose whether to serve the page fault with
a hugepage, or fall back to the regular fault handler and
proceed with a regular page.
Selecting the page type to serve a page fault is critical

in balancing the benefits of hugepages with the associated
memory and I/O cost. xHeap fault handlers mix regular
and hugepages within each VMA, transparently to appli-
cations and without incurring VMA split costs, which stall
all application page faults regardless of faulting address.
For hugepage-aware applications, the existing hugepage be-
haviour flags act as hints to the xHeap fault handlers. Pre-
vious works for in-memory and memory tiering scenarios,
have approached the problem of selecting address ranges to
backwith hugepageswith differentmethods, e.g., page access
coverage metrics [29, 44], memory access sampling [4, 32],
or page table scanning [34]. Any of these techniques may be
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used as policies for xHeap. In our work we focus on the re-
quired mechanisms to support such policies, and evaluate a
simple page selection policy, discussed next in the context of
hugepage promotions, and leave more sophisticated policies
as future work. After selecting the page type, both handlers
follow similar paths, with regards to page allocation, possible
reclamation and I/O, and installing the page table entry.

2.3 Hugepage promotions
Application memory access patterns may change over time.
As a result, sets of regular pages may need to be promoted to
a hugepage or a sparsely accessed hugepage demoted to regu-
lar pages. We note that the demotion of a hugepage in xHeap
is relatively straightforward: if a hugepage is rarely accessed,
it is likely to be reclaimed and the address range partially
refaulted with regular pages on subsequent accesses. How-
ever, providing application performance benefits through
hugepage promotions presents significant challenges both
in mechanism and policy, which we explore next.
Mechanism-wise, the challenge is for hugepage promo-

tions to be timely enough so that applications enjoy hugepage
benefits with minimal stall. Having a single thread, like
khugepaged, scan terabyte-scale virtual address spaces for
multiple processes diminishes the possibility that the pro-
motions performed actually correspond to the current appli-
cation memory access patterns. As such, xHeap schedules
hugepage promotions at page fault time, driven by the page
type selection policy. xHeap defers promotions outside page
fault context, to allow the application to continue with execu-
tion and minimize stall, once the page fault has been served
with a regular page. Even so, having a single thread pro-
cess scheduled promotions limits scalability, especially for
multithreaded applications, where multiple promotions may
be concurrently scheduled to different parts of the address
space. To that end, xHeap uses kernel workqueues [35], and

places work items corresponding to hugepage promotions
in the high priority system workqueue. This allows for mul-
tiple promotions to be processed concurrently, unlike with
THP. To prevent redundant work from promotions sched-
uled by concurrent page faults in the same aligned region,
xHeap uses a sharded promotion reservation list, containing
descriptors for pending promotions.

Policy-wise, the decision to schedule a promotion reflects
the complexities of the overall page type selection policy.
Ideally, that is with ample memory and no regular pages
in range, serving page faults directly with hugepages pre-
cludes the promotion cost and provides applications with
immediate hugepage benefits. Otherwise, when a promo-
tion is necessary to install a hugepage, its scheduling must
balance the associated benefits and costs. Scheduling a pro-
motion too early may lead to memory bloat and increased
I/O traffic, while scheduling a promotion too late diminishes
the potential for hugepage-derived TLB performance bene-
fits. xHeap provides a page type selection policy, which bal-
ances the aggressive Linux hugepage fault behaviour, with
Quicksilver’s [70] modified FreeBSD hugepage promotion
behaviour. So long as hugepages are available without recla-
mation, xHeap serves page faults with hugepages when pos-
sible (i.e., size and alignment restrictions hold, and no regular
pages in range). Otherwise, xHeap schedules an asynchro-
nous hugepage promotion once 64 regular pages within a
candidate hugepage range have been faulted in, which indi-
cates that the range is likely to benefit from a hugepage.

3 Evaluation Methodology
Our experimental testbed is a dual-socket server with two
Intel Xeon E5-2630 CPUs, operating at 2.4GHz. Each socket
has 8 cores with 2 threads per core for a total of 32 threads.
The frequency scaling governor is set to “performance”. The
server is equipped with 256GB of DDR4 DRAM operating



Configuration Abbreviation
swap S

swapTHP ST
xHeap X

Table 1. Evaluated configuration abbreviations.

at 2400MHz frequency. The system memory is split equally
into two NUMA nodes. We use four Samsung 970 EVO Plus
NVMe SSDs in a RAID-0 setup with the XFS filesystem and
an aggregate usable capacity of 7.3TB. Each device is capable
of up to 3.5GB/s throughput on sequential reads and 3.3GB/s
on sequential writes [59]. The server runs on Ubuntu version
20.04.6 and the Linux kernel version is 6.1.128.
We evaluate the following configurations: swap: The de-

fault Linux swapper, with THP disabled, set to operate over
a swap partition on our NVMe device array. swapTHP: The
same swapper configuration, with THP enabled and set to “al-
ways”. Swapping entire hugepages out is enabled in the ker-
nel configuration (CONFIG_THP_SWAP). xHeap: xHeap with
hugepage fault handling and asynchronous hugepage pro-
motions, using the page type selection policy discussed in
Section 2. Hugepages use 98% of the xHeap pool. Table 1
shows the abbreviation used for each workload on our eval-
uation figures.
We use three types of compute applications which typi-

cally operate on large volumes of data: (a) Data deduplica-
tion from the PARSEC benchmark suite [9] to compress a
domain-level web graph edge list by Common Crawl [13].
(b) Support Vector Machine (SVM) via a multi-core variant
of LIBLINEAR [31], which performs CPU-based linear re-
gression training on the KDD 2012 training dataset [3]. (c) A
particle transport simulation workload with XSBench [61],
which performs 1M cross-section lookups over a grid of
nuclides. For xHeap we preload applications with libvmmal-
loc [51], which initially callsmmap to setup a jemalloc-based
arena allocator over a backing file. It then intercepts malloc
and related library calls, and returns virtual addresses corre-
sponding to the memory-mapped file.

We set the DRAM budget per application between 75% and
85% of its max resident set size (RSS), as reported by calibra-
tion in-memory runs with THP disabled, in 5% increments.
To limit the available memory to the selected budget, we use
Linux cgroups for the swap configurations, and accordingly
set the page pool size parameter for xHeap.

4 Experimental Results
In this section we present our experimental evaluation. We
first examine the impact of xHeap on application data TLB
(dTLB) miss cycles. Then, we look at overall application
performance and CPU system time, when offloading 15-25%
of application memory to storage.
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Figure 3. Percentage of dTLB miss cycles over total applica-
tion cycles per workload.

4.1 xHeap reduces dTLB pressure
We first verify that xHeap remedies dTLB pressure when
offloading memory. We run each workload with 75% of its
max RSS in memory and use perf to measure the cycles
spent handling dTLB misses, as a percentage of the total
application cycles. Figure 3 shows these results.
Examining the swap configuration without hugepages

verifies the TLB miss costs presented in previous works [25,
68], with an average dTLB miss cycle cost of 12.7% across
all workloads, and up to 23% in the worst case (XSBench).
dTLB benefits with THP are negligible for all workloads.
This implies that khugepaged is unable to perform timely
hugepage promotions in the presence of memory offload-
ing. We attribute this to khugepaged’s max_ptes_swap pa-
rameter, which avoids promotions in regions with more
than 64 swapped out pages by default. This leads to in-
ability to actively reduce dTLB miss costs at runtime. In-
stead, THP mainly gains dTLB benefits through aggresive
allocation of hugepages on page faults during workload
initialization. With memory offloading, these benefits are
quickly negated. xHeap consistently reduces dTLB miss cy-
cle percentage for all workloads compared to both swap
configurations. Specifically, xHeap reduces dTLB miss cycle
percentage by 2.83×(XSBench)-15.3×(DEDUP) over swap,
and by 2.57×(XSBench)-15×(DEDUP) over swapTHP. xHeap
achieves this by promoting hugepages on demand, based
on application page faults. This allows xHeap to adapt to
application access patterns and optimize dTLB use.

4.2 xHeap enables hugepage benefits
We continue by verifying that xHeap’s hugepage use effec-
tively lowers CPU system time and improves performance
under offloading. For each workload we plot the execution
time breakdown across memory budgets.
Figure 4 shows that data deduplication is amenable to

memory offloading, as there is small variance in execution
time acrossmemory budgets for a single configuration. xHeap
performs best for all memory budgets, with execution time
lower by 1.5× compared to swapTHP, which exhibits perfor-
mance equal within error to swap. swapTHP fails to utilize
hugepages throughout execution in contrast to xHeap, which
thus reduces CPU system time percentage by ~8.2-8.4×, from
26-27% to 2-3%.
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Figure 6. Execution time breakdown for SVM.

Figure 5 shows the execution time breakdown for XS-
Bench. This workload demonstrates the pitfalls of indiscrim-
inate hugepage usage for the entirety of application heaps.
The sparse, random accesses by grid lookups incur frequent
page faults with memory offloading. The xHeap page type
selection policy mitigates this issue, and xHeap improves
performance over swap and swapTHP by 1.4× with 75 and
80% of the max RSS in memory, lowering CPU system time
from 24.5% (swapTHP) to 19%. With 85% of the heap in mem-
ory, xHeap exhibits higher page fault I/O cost due to its
opportunistic fault-time hugepage allocation strategy, and
performance drops by 1.3× compared to swapTHP. Aug-
menting the xHeap page type selection policy to avoid using
hugepages -even if available-, for major page faults over re-
claimed hugepage-sized ranges would mitigate this issue,
perhaps at the detriment of other workloads.

Figure 6 shows the execution time for SVM. This workload
favours hugepage use with sequential accesses, in contrast to
XSBench. As such, xHeap performs best out of all configura-
tions. swapTHP fails to utilize hugepages beyond workload
initialization, and exhibits similar execution time and CPU
system time (14% on average) to swap. In comparison, xHeap
reduces CPU system time percentage by 2.9× (5% on av-
erage), and improves execution time by 1.28-1.76× across

all memory budgets. Dynamic hugepage selection policies
could enable xHeap to detect the hugepage-friendly pattern
of SVM, and adapt by lowering its promotion threshold to
further improve performance.

5 Related Work
Several efforts target the performance ofmmio [11, 33, 46, 47,
50, 60, 62]. All efforts target application I/O, whereas xHeap
targets improvements for device-backed heaps. We divide
related work closer to xHeap in two categories, as follows.

Support for hugepages: Linux offers dynamic hugepage
support for anonymousmappingswith Transparent Hugepages
(THP) [15] with significant synchronization constraints. In-
gens [29] and HawkEye [44] mitigate application stalls re-
sulting from aggressive THP behaviour by utilizing different
page utilization metrics for selecting anonymous hugepages.
HugeTLB pages [14] is a static Linux hugepage allocation
mechanism for anonymous mappings, which requires ex-
plicit application support and does not allow hugepage pro-
motion, reclamation, or swapout.
FreeBSD supports transparent hugepages for both file-

backed and anonymousmappings on Intel [52] andARM [53]
architectures. Hugepages are tentatively reserved in mem-
ory and incrementally promoted through page faults. Demo-
tion is also supported. The basis for this mechanism is first
described by Navarro et al. [42]. Quicksilver [70] builds on
FreeBSD hugepage support with extended promotion and de-
motion policies. Windows [66] supports static hugepages for
volatile memory. Explicit application support is required, and
no promotion or demotion mechanism is supported. xHeap
offers application-transparent hugepage support similar to
FreeBSD, and uses asynchronous hugepage promotions.
Other Linux-based work related to hugepages attempts

to address memory fragmentation issues associated with
hugepage allocations at theOSmemorymanagement level [20,
21, 45, 68] or the user-space memory allocator level [25, 38],
architectural modifications to drive hugepage promotion de-
cisions [40], and dynamic use of multiple hugepage sizes and
compaction optimizations [54, 56]. All of these works only
concern themselves with anonymous hugepages.
Support for heap extension: Previous works have uti-

lized FLASH storage devices in the domain of specialized
applications, e.g., graph analytics frameworks [57, 69, 71].
Other works also aimed at a unified DRAM/SSD interface
to scale memory capacity heaps regardless of application
type [2, 8, 18], however require application reprogramming
or recompilation to utilize new semantics. xHeap aims at
transparent and application agnostic device-backed heaps.

TMO [64] and DAOS [48] developed shared resource pres-
sure metrics and memory access monitoring frameworks
respectively in order to drive memory offloading decisions
-either to storage or compressed swap in memory- and ef-
fectively utilize memory within the datacenter. Such works



are orthogonal to xHeap and can be utilized to drive similar
decisions in xHeap, such as dynamic page pool resizing.

Tiering approaches seek to address memory capacity limi-
tations by using a slower memory tier. This tier may occupy
a portion of DRAM and store compressed data [17, 30], or
reside in Non-volatile Memory (NVM) [4, 16, 24, 28, 32]. Re-
cent works have also examined placing this tier in remote
node memory using RDMA [5, 23, 55, 58, 63] and current
work is exploring the use of the new CXL memory protocol
to this end [19, 22]. Recent work examines how fast storage
devices can be coupled with CXL to address memory wall
issues [27, 65]. xHeap transparently extends the memory hi-
erarchy with fast storage devices and similar to such works,
can benefit from placement policies, access sampling, and
latency hiding techniques.

6 Conclusions
Increasing application heap demands combined with DRAM
scaling limitations have led to the adoption of swap-enabled
heaps, while growing virtual address spaces necessitate the
use of hugepages to mitigate TLB miss costs. Current ap-
proaches to transparent heap extension offer limited hugepage
support, failing to reap hugepage benefits. In this paper we
present xHeap, an alternative mmio path in Linux which
enables the fine-grained mixture of regular and hugepages
for device-backed heaps. xHeap provides support for (a) de-
coupling device-backed heaps from other, related, kernel
functions, (b) transparent and fine-grained mixing of regular
pages and hugepages, and (c) concurrent and asynchronous
hugepage promotions which adapt to application access pat-
terns. We evaluate heap extension over xHeap with a variety
of workloads and identify significant performance improve-
ments. Overall, we believe that the use of hugepages has the
potential to improve performance under memory offloading
significantly, while future work should examine page type
selection policies and combating hugepage-incurred external
memory fragmentation in depth.
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