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Abstract
In virtualized environments, guest memory defragmenta-

tion is essential for exploiting huge-page benefits and improv-
ing application performance. However, existing approaches
directly reuse host-side defragmentation and assume a limited
guest physical address (GPA) space. As a result, they rely on
memory compaction to defragment this constrained space,
causing throughput to drop by up to 51% and latency to rise
by up to 102% in YCSB-Redis workloads.

This paper proposes INFINIDEFRAG, a compaction-free
memory defragmentation technique for virtualization. Our
key insight is that the GPA space can be regarded as (nearly)
infinite by controlling the mapping between GPA and host
physical address (HPA), thereby eliminating the need for
guest-side memory compaction. To realize this insight, we
introduce (1) Infinite Address Manager that expands the GPA
space while reclaiming free fragment pages; (2) Host Mem-
ory Guard that maintains the GPA–HPA mapping and con-
strains HPA usage within each VM’s quota; and (3) Scala-
bility Optimizer that scales GPA/HPA space management to
multi-thread and multi-VM environments. Experiments on
micro-benchmarks and real-world applications show that IN-
FINIDEFRAG outperforms state-of-the-art approaches and can
achieve ideal, fragmentation-free performance.

1 Introduction
Virtualization has become a foundational technology to en-
able resource sharing, workload isolation, and flexible deploy-
ment [32, 54]. Therefore, virtual machines (VMs) power a
wide range of services, including cloud platforms and enter-
prise IT environments, which require efficient and scalable
system designs. Among these, memory access is one of the
most important optimizations to improve VM performance.

Huge page is a widely adopted technique to improve mem-
ory access performance [18, 21, 33, 35, 36, 39, 45, 47, 57]. By
increasing the page size from 4 KB to 2 MB, and even to 1 GB,
huge page significantly lowers the translation lookaside buffer
(TLB) miss rates and page table walk (PTW) cycles. In vir-
tualized environments, huge pages are particularly important
because they substantially reduce the overhead of two-level
address translation, where each memory access traverses from
the guest virtual address (GVA) to the guest physical address
(GPA), and then to the host physical address (HPA).

† Co-first author.
B Corresponding Author: Wen Xia (xiawen@hit.edu.cn).

However, the effectiveness of the huge page highly depends
on the contiguous physical memory, whereas memory frag-
mentation is a notorious problem that makes the memory dis-
continuous [28, 42, 48, 56]. Specifically, fragmentation arises
when the memory is allocated and freed in a non-deterministic
pattern, making it increasingly difficult for the page allocator
to find large contiguous regions for huge page allocation.

To solve the problem, existing fragmentation mitiga-
tion works primarily focus on two dimensions: (1) Anti-
fragmentation: optimizing allocation policies to proactively
avoid fragmentation [31, 37, 40, 48, 53]. However, such static
strategies are tailored to specific scenarios and fail to adapt
across diverse workloads. (2) Defragmentation: Invoking
memory compaction when contiguous regions are unavail-
able [2,33,39,50,57]. Yet frequent compaction incurs substan-
tial latency spikes. Our preliminary experiments show that
these approaches can reduce throughput by up to 51% and in-
crease latency by up to 102% in YCSB-Redis workloads (§3),
thus squandering the performance benefits of huge pages.

This work aims to eliminate the costly guest-side mem-
ory compaction in virtualized environments, thereby fully
exploiting the benefits of huge pages. Our insight is that the
GPA space can be regarded as (nearly) infinite1 by manipulat-
ing the mapping between GPA and HPA, thereby eliminating
the need for guest-side memory compaction. Existing guest
systems require memory compaction because they adopt a
host-like abstraction that assumes the GPA space is fixed and
limited. In reality, GPA is a form of virtual memory, as the
guest OS behaves like a host-side user process. Consequently,
expensive compaction and page migration are unnecessary.
Instead, contiguous memory can be obtained simply by ex-
panding the GPA space and updating the GPA-HPA mapping.

We incarnate this idea by building INFINIDEFRAG, a
compaction-free memory defragmentation technique. The
primary challenge is how to efficiently manage the infinite
GPA space while keeping the host physical memory usage
within the VM’s quota. To address this, we introduce an array
of techniques. First, Infinite Address Manager provides new
contiguous GPA memory by reclaiming free fragment GPA
pages and expanding the new GPA region using memory trade
(i.e., trades fragmented pages for contiguous memory), fast
reclaim, and reserved region. Second, Host Memory Guard
maintains the GPA-HPA mapping and constrains the actual

1Modern processors support a PB-scale address space enabled by 57-bit
address width, which almost never exhausts (more details are in §3.3, §7).
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host memory usage within a VM’s quota using self-hosted
remap and batch unmapping. Finally, Scalability Optimizer
further improves GPA/HPA space management efficiency and
scales INFINIDEFRAG to multi-thread and multi-VM envi-
ronments with lockless page-bitmap updates, in-kernel remap
with delayed TLB flushes, and hybrid paging.

We implement INFINIDEFRAG2 as a module of Linux’s
memory management subsystem, invoked when the standard
high-order allocation path cannot satisfy the new huge-page
allocation requests. We evaluate INFINIDEFRAG using both
micro-benchmarks and real-world applications. The results
show that INFINIDEFRAG substantially outperforms state-
of-the-art approaches and achieves ideal, fragmentation-free
performance. For example, on YCSB-Redis workloads, IN-
FINIDEFRAG improves throughput by 21%–105% compared
to LLFREE [53], Linux with transparent huge page (THP)
enabled [17], and Linux using the default 4KB pages.

In a nutshell, we make the following contributions:
• We reveal that existing guest-side defragmentation tech-

niques incur significant overhead. The limited GPA space is
the primary cause of their overhead, even though GPA can
in fact be treated as an infinite virtual address space (§3).

• We propose INFINIDEFRAG, a compaction-free memory
defragmentation technique to achieve lightweight defrag-
mentation with three designs: Infinite Address Manager,
Host Memory Guard, and Scalability Optimizer (§4).

• We implement and evaluate INFINIDEFRAG. The results
show that it substantially outperforms existing approaches
with ideal, fragmentation-free performance (§5, §6).

2 Background
2.1 Memory Virtualization
Memory virtualization is a fundamental abstraction in mod-
ern VMs, allowing guest operating systems (OSes) to share
physical memory efficiently and transparently. By decoupling
the guest’s view of memory from the underlying hardware,
the hypervisor provides each VM with an isolated, contiguous
address space, ensuring both safety and flexibility.
Address translation in virtualization. Memory virtualiza-
tion relies on a two-level address translation: guest virtual
addresses (GVAs) are first mapped to guest physical addresses
(GPAs), which are then translated to host physical addresses
(HPAs). This design provides strong isolation and flexible
management but introduces additional overhead.
Mitigating address translation overhead. Modern pro-
cessors support two-level paging through nested page tables
(NPT), such as Intel Extended Page Tables (EPT) and AMD
Rapid Virtualization Indexing (RVI). EPT, in particular, main-
tains a second-level page table for GPA → HPA translation,
supports multiple page sizes (i.e., 4KB, 2MB, and 1GB), and
enforces per-page read, write, and execute permissions. On
each memory access, the CPU first translates GVA → GPA

2INFINIDEFRAG refers to the compaction-free memory Defragmentation
technique using Infinite guest physical address space.
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Figure 1: Huge page benefits in virtualization. We evaluate
four configurations combining huge and base pages on both the
guest and the host. Experiments are conducted on Linux THP [17]
without host/guest fragmentation, and the results show that guest-
side huge pages yield substantial performance improvements.

via the guest page table, then GPA → HPA via EPT. The
results are cached in the TLB and Page Walk Cache [44],
allowing fast lookups. However, on a cache miss, both guest
page table and EPT should be traversed, imposing significant
overhead for workloads with poor TLB locality or frequent
memory turnover [39]. In this paper, we use NPT to represent
the two-level paging (i.e., GVA → GPA → HPA), while EPT
to represent the specific GPA → HPA translation.

2.2 Huge Page and Fragmentation
Huge Pages. To reduce the overhead of two-level address
translation and improve TLB efficiency, modern systems sup-
port huge pages (e.g., 2 MB and 1 GB on x86-64), which
decrease TLB misses, shorten page walks, and boost perfor-
mance—particularly for memory-intensive workloads. Specif-
ically, in virtualized environments, hardware features such as
Intel EPT allow huge pages at both the guest and host levels,
reducing nested page table entries and improving translation
efficiency to near-native levels. As shown in Figure 1, em-
ploying huge pages on the guest can significantly enhance
performance, regardless of the host-side configuration.

However, huge pages require physically contiguous regions,
but long-running systems often suffer from external fragmen-
tation. Consequently, even with sufficient free memory, allo-
cating huge pages becomes increasingly difficult, highlighting
the need for an efficient huge page management strategy.
Huge page management in Linux. Linux originally intro-
duces hugetlb pages [13] to support huge pages, but they are
ad-hoc and non-transparent to applications. To address this
limitation, the Linux kernel provides transparent huge pages
(THP) [17], which automatically promotes base pages into
huge pages. THP relies on a background kernel thread (i.e.,
khugepaged) to coalesce contiguous 4 KB base pages into 2
MB huge pages and may additionally promote pages during
page faults when conditions permit. This design enables ap-
plications to benefit from reduced TLB misses and shorter
page walks without modification. However, THP critically
depends on memory compaction to obtain physically contigu-
ous memory, which can introduce substantial latency spikes,
particularly under memory pressure or fragmentation.
The fragmentation problem. As systems run, the continual
allocation and release of memory inevitably create external
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Figure 2: Deficiency of existing fragmentation mitigation
techniques. (a) Anti-fragmentation is tailored to dedicated sce-
narios and fails to scale across diverse workloads, while (b) defrag-
mentation incurs substantial overhead due to page compaction.

fragmentation, substantially reducing the availability of con-
tiguous 2 MB pages. Consequently, THP often falls back to 4
KB pages without extra mechanisms even when the total free
memory remains sufficient. Although the buddy allocator [15]
attempts to maintain memory contiguity, fragmentation still
prevents huge page allocations in practice. Moreover, under
memory pressure, background compaction often fails to keep
pace with fragmentation, leading to substantial performance
degradation for workloads that depend on huge pages [28,42].

2.3 Existing Fragmentation Mitigation Works
Existing fragmentation mitigation works fall into two cate-
gories: (1) Anti-fragmentation: optimizing memory allocation
to avoid fragmentation; (2) Defragmentation: invoking mem-
ory compaction when contiguous regions are unavailable.
Anti-fragmentation. These approaches [31,37,40,41,48,53]
mitigate memory fragmentation by employing specialized
allocation policies that carefully control page placement de-
cisions to preserve large contiguous regions. For example,
as shown in Figure 2a, several approaches [37, 40] co-locate
objects or pages with similar lifetimes or sizes to improve
spatial locality and maintain memory contiguity.

Although such proactive strategies can delay fragmenta-
tion, they suffer from inherent limitations. Specifically, (1)
their effectiveness depends on heuristics or assumptions about
future allocation patterns, which often fail under dynamic and
heterogeneous workloads, leading to inevitable fragmentation.
(2) They may also trade short-term allocation efficiency for
preserving contiguous regions, leading to unnecessary mem-
ory waste for no-fragmentation scenarios. (3) They typically
require modifications to allocators or applications, signifi-
cantly limiting their deployability in production environments
that demand transparency and backward compatibility.
Defragmentation. These techniques [2, 39, 47, 50, 56] rely
on relocating movable pages to coalesce scattered free pages,
thereby creating large contiguous regions (i.e., Figure 2b).
For example, Linux THP performs both background and on-
demand compaction to facilitate 2 MB huge page allocation
even under severe fragmentation, as discussed in §2.2.

However, reactive strategies introduce substantial runtime
overhead. Specifically, (1) relocating pages requires data copy,
page-table updates, and TLB shootdowns, which disrupt ex-
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Figure 3: Performance analysis under fragmentation. The
host uses huge pages, NoFrag denotes the non-fragmented base-
line using Linux THP, and experiments are conducted under the
extreme fragmentation setting (§6.1). The results suggest that exist-
ing fragmentation mitigation approaches substantially deteriorate
throughput and latency, sometimes even fall below Linux 4 KB.

ecution and often cause noticeable latency spikes. (2) Pages
that are pinned, shared, or hardware-mapped are inherently
unmovable [34, 48, 56], fundamentally limiting how much
contiguous space compaction can recover. (3) Compaction
competes for CPU cycles and memory bandwidth, and is
frequently throttled under memory pressure, making it less
effective when fragmentation is extremely severe.

Overall, prior works primarily mitigate memory
fragmentation at the host level, with benefits indirectly
inherited by guests. To our knowledge, this is the first work
to design a dedicated guest-side defragmentation technique.

3 Observations and Motivations
3.1 Limitations of Existing Approaches
In this section, we begin with preliminary experiments to ex-
amine whether existing fragmentation mitigation approaches
can improve the performance of foreground applications.
Methodology. We evaluate throughput and latency using
YCSB [23] on Redis [16]. The host uses huge pages, and ex-
periments are conducted under the extreme fragmentation set-
ting (see details in §6.1). Moreover, we select LLFREE [53]
and Linux THP [17] to represent anti-fragmentation and de-
fragmentation approaches, respectively. We also compare
against Linux with 4 KB pages and NoFrag, which represents
Linux THP without fragmentation. Specifically, LLFREE
is a memory allocator designed to replace the Linux buddy
system [15], which applies heuristics to proactively reduce
potential future fragmentation. Linux THP, on the other hand,
relies on background huge-page promotion or foreground
synchronous page compaction to defragment memory (§2.2).
Observation #1: State-of-the-art fragmentation mitiga-
tion techniques exhibit poor performance. As shown in
Figure 3, both anti-fragmentation (LLFREE) and defragmenta-
tion (Linux THP) achieve only 49%–72% of NoFrag through-
put and incur 30%–102% higher latency. In some cases, their
performance even falls below that of Linux 4 KB, which does
not exploit huge pages. These results suggest that the overhead
imposed by existing fragmentation mitigation techniques out-
weighs the performance gains provided by the additional huge
pages they produce, as further studied in the next subsection.
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Figure 4: Huge page and PTW cycle analysis under frag-
mentation. The host uses huge pages, NoFrag denotes the non-
fragmented baseline using Linux THP, and experiments are con-
ducted under the extreme fragmentation setting (§6.1). Results in
subfigure (a) suggest that existing approaches fail to provide suffi-
cient huge pages, which result in high PTW cycles in subfigure (b).
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Figure 5: Latency and breakdown analysis under frag-
mentation. The host uses huge pages, NoFrag denotes the non-
fragmented baseline using Linux THP, and experiments are con-
ducted under the extreme fragmentation setting (§6.1). (a) The verti-
cal line indicates the end of the load phase, after which is the run
phase. (b) Memory compaction increases the page fault time, while
huge pages reduce the PTW cycles and the page fault time.

3.2 Deficiency Analysis
We then conduct detailed experiments to demystify the defi-
ciency of existing fragmentation mitigation approaches.
Methodology. The experimental setup follows that described
in §3.1. Specifically, we: (1) measure the number of allocated
huge pages to assess the ability to maintain contiguous mem-
ory regions (Figure 4a); (2) record page table walk (PTW)
cycles to evaluate the efficiency of two-level address trans-
lation (Figure 4b); (3) measure real-time request latency to
capture performance fluctuations over time (Figure 5a); and
(4) perform time-breakdown to analyze how compaction and
huge page contribute to overall performance (Figure 5b).
Observation #2: Anti-fragmentation performs poorly due
to limited number of huge pages. As shown in Figure 4a,
when memory becomes fragmented, anti-fragmentation (i.e.,
LLFREE) fails to provide sufficient huge pages compared to
the ideal case (i.e., NoFrag). Although LLFREE is designed to
preserve contiguous regions, it ends up allocating the fewest
huge pages (Linux 4 KB does not have huge pages), resulting
in longer Page Fault and PTW time, as shown in Figure 5b.
Observation #3: Defragmentation performs poorly due to
substantial compaction overhead. Although defragmenta-
tion (i.e., Linux THP) is able to allocate more huge pages and
reduce PTW cycles (Figure 4b), it still delivers the longest
average latency—even worse than Linux 4 KB without huge
pages (Figure 5a). The reason is illustrated in Figure 5b, where

GVA

GPA R R

GPA-HPA Mapping

R R R R

① Allocation
Request

③ Expand GPA② Reclaim Free Pages

④ Success

Allocated Pages R Reclaimed Free PagesFree Pages

Figure 6: The Infinite GPA space. It enables efficient defrag-
mentation without any compaction or page migration, by simply
controlling the mapping between the GPA and HPA pages.

Linux THP exhibits much higher Page Fault time, either be-
cause synchronous compaction increases page-fault handling
time or because background page migration increases the
number of page faults. These compactions directly interfere
with foreground request processing, leading to pronounced
latency inflation despite the presence of more huge pages.

Thus, existing approaches face a dilemma: increasing
huge-page availability requires defragmentation effort, yet
the resulting overhead can outweigh the performance
benefits that huge pages are meant to deliver.

3.3 Motivation: The Infinite GPA Space
Based on the above analysis, we pose a fundamental ques-
tion: Is it possible to combine the low overhead of anti-
fragmentation with the huge page ability of defragmentation?
Opportunity #1: The GPA space is (nearly) infinite. Mod-
ern systems now feature terabytes of physical memory, sub-
stantially expanding the physical address space. To accom-
modate this growth, recent x86 processors, including Intel
Ice Lake and Sapphire Rapids, implement 5-level paging [5],
thereby increasing the physical address width from 48 to 57
bits. This expansion highlights both the need for scalable
memory management and the challenge of system software
to efficiently exploit such a vast address space [4].

We quantify the write intensity of guest memory using the
dirty-page rate, a standard metric used in prior live-migration
studies [22, 30]. Existing work reports that cloud workloads
often dirty memory at tens of MB/s, and 32 MB/s is the point
that pre-copy migration becomes ineffective [30]. At this rate,
a VM produces roughly 2.76 TB of modified memory per
day. Given a 57-bit address space (i.e., ∼ 1.44×1017 bytes),
the system can sustain about 4.7×104 days—over a century
before exhaustion. Moreover, even under higher dirty-rate
assumptions, the lifetime remains on the order of decades.
Opportunity #2: GPA-to-HPA indirection enables flexible
remapping. By decoupling a VM’s view of physical mem-
ory (i.e., GPA) from the underlying real machine layout (i.e.,
HPA), the virtualization layer allows the host to transparently
reorganize memory pages without impacting the guest. This
indirection enables defragmentation strategies that are both
low-overhead and non-intrusive to guest workloads.
Insight: Compaction is unnecessary with the infinite GPA
space. With the two opportunities, a VM’s physical memory
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(i.e., GPA) can be treated as an infinite address space, mapped
to host physical memory (i.e., HPA) on demand. This enables
compaction-free defragmentation by controlling the mapping
between guest and host memory. We use Figure 6 to illustrate
this approach: ① when a huge page allocation request cannot
find a contiguous GPA, ② free fragment GPA pages are re-
claimed, and ③ the GPA space is expanded with the updated
GPA-HPA mapping, ④ thereby reserving a contiguous GPA
region to succeed the request without compaction.

Note that maintaining the GPA–HPA mapping during GPA
space expansion may introduce host-side fragmentation, espe-
cially in multi-VM environments. We regard it as a challenge.
Challenges. However, leveraging this insight to build a prac-
tical defragmentation mechanism raises several challenges:
(1) How can the VM’s infinite physical address space (i.e.,
GPA) be efficiently managed? (2) How can actual physical
memory (i.e., HPA) be constrained within the VM’s quota?
(3) How can the system scale efficiently under multi-thread
and multi-VM environments? We address them in Section 4.

4 INFINIDEFRAG Design
We propose INFINIDEFRAG, a compaction-free memory de-
fragmentation technique. However, designing INFINIDEFRAG
is non-trivial, and we first introduce our design goals:
• Low overhead. It should be lightweight without affecting

the performance of the foreground applications (§4.2).
• High HPA utilization. It should ensure that the VM’s actual

HPA usage does not exceed the resource quota (§4.3).
• High scalability. It should provide high scalability under

multi-thread and multi-VM environments (§4.4).

4.1 INFINIDEFRAG Overview
Components. Figure 7 presents the major components. First,
Infinite Address Manager manages the infinite GPA space and
performs compaction-free defragmentation, thereby achiev-
ing the low-overhead goal and addressing Challenge 1 (§4.2).
Second, Host Memory Guard maintains the GPA–HPA map-
pings to ensure that the HPA consumption stays within the
VM’s quota, thereby fulfilling the high HPA utilization goal
and addressing Challenge 2 (§4.3). Finally, Scalability Opti-
mizer improves the efficiency of GPA/HPA management in
multi-thread and multi-VM environments, thereby achieving
the high scalability goal and addressing Challenge 3 (§4.4).
Moreover, INFINIDEFRAG is compatible with existing virtual-
ization architectures, allowing traditional VMs and our VMs
to run concurrently within the same environment.
Workflow. We use Figure 7 to illustrate the workflow of IN-
FINIDEFRAG: ① When a huge-page allocation request cannot
find contiguous GPA space, ② the Page Allocator invokes the
INFINIDEFRAG module to perform memory defragmentation.
First, ③ the Infinite Address Manager reclaims free fragment
GPA pages and expands the GPA space to the same size; Sec-
ond, ④ the Host Memory Guard reallocates HPA pages to
maintain the new GPA–HPA mappings; Finally, ⑤ the newly
extended contiguous GPA region is allocated to satisfy the
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Figure 7: INFINIDEFRAG overview. The major components
are Infinite Address Manager, Host Memory Guard, and Scalability
Optimizer, corresponding to our three challenges and design goals.

huge-page allocation request. Note that INFINIDEFRAG falls
back to regular memory compaction (i.e., Linux THP [17])
when the GPA space can no longer be expanded. However,
given the petabyte-scale address space and its century-level
sustainability (§3.3), this situation rarely happens.

4.2 Infinite Address Manager
Infinite Address Manager leverages memory trade (§4.2-1) to
manage the infinite GPA space, which consists of two compo-
nents: guest reclaimer (§4.2-2) and guest extender (§4.2-3).
1. Managing GPA space through memory trade. INFINIDE-
FRAG adopts a simple yet efficient idea—memory trade, to
fully exploit the infinite GPA space while minimizing system
overhead, design complexity, and engineering effort.

Specifically, when the GPA space becomes fragmented and
the guest OS cannot satisfy a huge page allocation request, it
initiates a memory trade with the host via VirtIO [51]. Memory
trade refers to the trade of fragmented base pages for a newly
contiguous GPA region. In practice, the guest reclaims free
fragment pages (via Guest Reclaimer) and uses them to extend
the GPA space (via Guest Extender). The contiguous region
is allocated in 1 GB block granularity. This process avoids
page migration and compaction; it simply updates the host’s
page tables (i.e., EPT). Moreover, the reclaimed pages and
the expanded memory should satisfy the following equation:

N f rag ∗ Sizebase_page = Nexpand ∗ Sizemem_block (1)

where N f rag is the total number of reclaimed pages;
Sizebase_page is the size of the reclaimed base pages (i.e., 4KB);
Nexpand is the number of memory blocks that will be expanded;
and Sizemem_block is the size of each memory block.

Note that memory trade is performed asynchronously with-
out blocking allocation, so INFINIDEFRAG will fall back to
base-page allocation until the memory trade completes.
2. Reclaiming GPA pages via guest reclaimer. Guest
Reclaimer leverages the buddy-system allocator’s page-
allocation interface [15] to identify free fragment physical
pages and forwards their page-frame numbers to the host.
Specifically, it reserves these fragmented pages by invoking
the allocation interface, preventing regular workloads from
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acquiring them, and thus achieving logical reclamation. More-
over, Guest Reclaimer should coordinate with Host Memory
Guard to unmap these pages from the QEMU process’s (i.e.,
guest OS) page table and return them to the host’s page-frame
allocator (§4.3), which is similar to memory ballooning [29].
These operations expose the reclaimed pages to the host, al-
lowing them to be reassigned to other processes.
Optimizing reclamation via fast reclaim. Unfortunately,
directly applying the (memory ballooning-like) Guest Re-
claimer fails to meet our latency and overhead requirements
because the buddy allocator has two limitations [52, 53]:
• Low Scalability: Allocating pages requires acquiring the

zone lock, which is the bottleneck during burst allocations.
• High Complexity: Allocating pages requires complex book-

keeping to maintain buddy allocator free lists and update
multiple data structures, increasing engineering overhead.
Therefore, we propose Fast Reclaim to minimize page-

reclamation overhead. Inspired by Wrenger et al. [52], Fast
Reclaim uses a bitmap to efficiently track page states. Unlike
Wrenger’s approach, which requires a custom allocator with
extensive modifications, our design remains fully compatible
with the guest OS’s default buddy allocator [53].

We analyze both Fast Reclaim and Regular Allocation/Free,
as shown in Figure 8. Fast Reclaim is triggered to reclaim free
fragment pages when the GPA space needs expansion, which
introduces a global bitmap to track the state of each page.
Specifically, Fast Reclaim ① scans the entire bitmap and ②
updates each bit accordingly. Moreover, INFINIDEFRAG falls
back to Regular Allocation/Free for normal page requests.
During Regular Allocation, it first checks whether a page
in the Free Page List has already been reclaimed by Fast
Reclaim. If so, INFINIDEFRAG selects another free page. If the
allocation succeeds and the page was not previously marked
as allocated, the guest kernel sets the corresponding bitmap
bit to 1. Similarly, during Regular Free, INFINIDEFRAG clears
the bitmap bits to 0 and deposits the pages back to the list.

Note that maintaining consistency between the bitmap and
the buddy allocator does not degrade regular allocation/free
performance. Newly extended pages are placed at the head
of Free Page List, making bitmap checks rarely fail in prac-
tice (i.e., only check once). Moreover, we further improve
Fast Reclaim’s scalability by optimizing the synchronization

between the bitmap and the allocator, as shown in §4.4.
3. Expanding the GPA space via guest extender. Guest
Extender first requests additional memory resources and for-
wards the corresponding page-frame numbers to Host Mem-
ory Guard as a memory-expansion request. Once Host Mem-
ory Guard fulfills the request, Guest Extender initializes the
necessary bookkeeping structures and brings the newly allo-
cated memory online. This guest-host coordination ensures
that subsequent EPT faults triggered by accesses to the newly
allocated GPA space are legal and correctly handled.
Optimizing expansion via reserved region. When guest
memory expands, the VM must invoke the memory hotplug
interface to bring newly added pages online. This process
requires initializing per-page metadata inside the guest and al-
locating a corresponding memory-backend device in QEMU,
both of which introduce nontrivial overhead. As a result, fre-
quent expansions can noticeably degrade performance.

To address this, we employ two optimizations. First, we
expand the GPA space in coarse-grained chunks (i.e., 4 GB,
four memory blocks), which balances the trade-off between
the cost of bringing blocks online and the frequency of ex-
pansions. Second, during system boot, the guest kernel proac-
tively reserves a large memory region (i.e., 96 GB), initializes
associated metadata, and keeps it offline. In practice, the re-
served region is large enough for most workloads to run for an
extended period (at the hour level, §3.3), while preparing this
region takes less than 1 s, making expansion rarely happens.

4.3 Host Memory Guard
Host Memory Guard performs page reallocation (§4.3-1) to
maintain GPA–HPA mappings when the GPA space expands.
We then introduce self-hosted remap (§4.3-2) and batch un-
mapping (§4.3-3) for the host with base and huge pages.
1. Guarding host resources during page reallocation. Host
Memory Guard coordinates with the Infinite Address Manager
to support free GPA-page reclamation and GPA-space expan-
sion, which in turn introduces host-side page reallocation. To
ensure that a VM’s actual memory usage remains within its
quota, Host Memory Guard should carefully control memory
consumption during this process. Specifically, page realloca-
tion maintains the GPA–HPA mapping while ① unmapping
HPA pages corresponding to reclaimed GPA pages and ②
allocating new HPA pages for the expanded GPA space.
2. Optimizing the host with base pages via self-hosted
remap. When host memory is scarce, the host is unable to im-
mediately allocate enough physical pages to satisfy a guest’s
memory expansion request. In this case, the host should first
unmap the reclaimed pages and release them back to the host’s
buddy-system allocator. Later, when the guest accesses the
expanded GPA space, the corresponding accesses trigger host-
side page faults, and the host allocates physical pages from
its allocator to resolve them. This workflow introduces two
challenges to squander memory expansion efficiency:

• Long latency: The memory expansion request cannot be
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Figure 9: Self-hosted remap. Compared to buddy system reallo-
cator, self-host remap directly remaps fragmented pages from their
original GPA locations into expanded GPA space with low overhead.

satisfied until page reallocation completes. Because this
work occurs inside the VM-exit handler, it incurs substantial
latency and stalls the generation of contiguous memory.

• Excessive complexity: Each reallocated page goes through
multiple steps—① being unmapped from the QEMU pro-
cess page table, ② returned to the host buddy allocator, and
③ reallocated to serve the newly expanded GPA region.
As shown in Figure 9b, we introduce self-hosted remap

to address this issue. The key idea is to remap reclaimed
fragment pages from their original GPA locations directly into
the newly expanded GPA region, bypassing the host buddy
allocator and amortizing expensive unmapping operations.
Specifically, when the host receives fragment pages from
the guest, it no longer blocks in the VM-exit handler until
unmapping completes. Instead, it records the corresponding
page-frame numbers in Page Dispatcher. Later, when an EPT
violation occurs for accesses to the expanded GPA region,
Page Dispatcher fetches one of the recorded page frames and
uses it to satisfy the page fault. Note that this technique is
enabled when GPA memory is backed by host base pages.
3. Optimizing the host with huge pages via batch unmap-
ping. When the host uses huge pages, INFINIDEFRAG falls
back to regular page reallocation (i.e., Figure 9a) because self-
hosted remap performs in a 4 KB-granularity and will trigger
numerous system calls to remap a huge page. Therefore, when
the host receives fragmented huge pages, it unmaps them from
the QEMU process’s page table and returns them to the host
page-frame allocator. However, reclaim requests typically ar-
rive in a scattered pattern, and unmapping pages individually
incurs substantial overhead: every operation requires a system
call (e.g., madvise or munmap), acquisition of the process’s
address-space lock, a page-table walk, and cross-core TLB
shootdowns [20]. To address this, we introduce batch unmap-
ping. Specifically, all scattered unmapping requests are first
recorded in a bitmap; the host then scans this bitmap and
issues a single unmapping system call for each contiguous
page range, significantly reducing unmapping overhead.

4.4 Scalability Optimizer
Scalability Optimizer scales INFINIDEFRAG to multi-thread
and multi-VM environments. Specifically, we first introduce
optimized fast reclaim (§4.4-1) to scale Infinite Address Man-

KVM_MMU_LOCK(kvm);
// TLB shootdown for EPT
kvm_flush_remote_tlbs(kvm); // <-- Time cousuming
KVM_MMU_UNLOCK(kvm);
...
ptl_lock(src_ptl); // Lock src page table lock
ptl_lock(dst_ptl); // Lock dst page table lock
// TLB shootdown for host page table
flush_tlb_page(vma, addr); // <-- Time cousuming
...
set_pte_at(mm, dst_addr , dst_pte , origi_dst_pte);
ptl_unlock(src_ptl); // Unlock src page table lock
ptl_unlock(dst_ptl); // Unlock dst page table lock

Listing 1: Naive in-kernel remap.

ager; we then introduce optimized self-hosted remap (§4.4-2)
and hybrid paging (§4.4-3) to scale Host Memory Guard for
the host with base and huge pages, respectively.
1. Scaling infinite address manager via optimized fast
reclaim. As shown in Figure 8, the core idea of fast reclaim
is to bypass the poorly scalable kernel page allocation path
by leveraging a page bitmap. Consequently, the page bitmap
should be updated in several situations: (1) whenever a page is
allocated or freed through the regular page allocation interface,
and (2) whenever the fast reclaim interface is invoked. A
straightforward way to maintain consistency between the page
bitmap and the buddy allocator is to use a coarse-grained lock
to protect the entire bitmap. However, such coarse-grained
locking severely limits scalability and introduces substantial
overhead to regular memory allocation/free operations.

Therefore, we propose a transaction-based mechanism that
relies solely on hardware atomic instructions to update page-
bitmap entries. (1) When different threads modify differ-
ent bitmap entries, no contention or cache-line bouncing oc-
curs. (2) For regular allocation requests (via buddy alloca-
tor) targeting compound pages of order ≤ 6, which contain
at most 64 base pages, we use an atomic instruction (i.e.,
atomic64_try_cmpxchg) to test and update the corresponding
bitmap entry. If it succeeds, the page is allocated; otherwise,
the allocator retries with another free-list entry. Note that fast
reclaim also relies on the same procedure to ensure consis-
tency. (3) For larger allocations (order > 6), we apply a coarse-
grained transaction-based approach: the allocator acquires
each order-6 subpage sequentially. If any sub-allocation at-
tempt fails, it then aborts and rolls back the entire request.
2. Scaling host memory guard with base pages via opti-
mized self-hosted remap. INFINIDEFRAG leverages page
remapping to bypass the host buddy allocator (Figure 9). A
straightforward and non-intrusive way to implement it is to
invoke mremap [9]. Unfortunately, mremap does not scale
well with increased threads. As shown in Figure 10, its la-
tency grows sharply with thread count, reaching ∼ 270 µs at
16 threads. The poor scalability stems from its need to ma-
nipulate multiple virtual memory areas (i.e., vm_area_struct)
and frequently split the source virtual memory area, which is
costly and requires mutual exclusion in concurrent scenarios.
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Figure 10: Page remap latency for different techniques.
The host uses base pages, and experiments are conducted under the
extreme fragmentation setting (§6.1). By optimizing page remap-
ping—from mremap, to userfaultfd, to naive in-kernel remap (KR),
and finally to optimized KR — the page remap overhead is close to
that of a regular anonymous page fault (i.e., Anon PF).

We therefore explore a more efficient remapping mecha-
nism based on userfaultfd [11], which is a user-space paging
policy and implemented in host-side QEMU/KVM. The key
advantage is that it updates only page-table entries and avoids
manipulating kernel virtual-memory metadata. As shown in
Figure 10, Userfaultfd is more scalable than Mremap. How-
ever, at 16 threads, remapping a single page still consumes
63 µs, which is too slow to meet SLOs. Moreover, kernel–user
context switches introduce additional overhead, causing even
single-thread remap operations to take up to 9 µs, which is
much higher than 1 µs of a regular anonymous page fault.

Given the high kernel–user context-switch overhead of user-
faultfd, we next introduce a lightweight kernel-based mech-
anism for page remapping. A naive design is to migrate the
source physical page directly to the destination physical page
by invoking move_pages, as shown in Listing 1. Nevertheless,
as the thread count increases, the latency of page remapping
remains high (Naive KR in Figure 10). Our profiling shows
that with eight threads, locking and TLB-flush operations ac-
count for a substantial fraction of the remapping cost (§6.7).
Each TLB flush is guarded by either the KVM MMU lock
or the page-table lock, which are expensive in multi-thread
environments [19, 20, 26, 38] because they require TLB shoot-
down. The shootdown further exacerbates lock contention, as
all threads spin while attempting to acquire these locks.

We therefore propose in-kernel remap with delayed TLB
flushes. Our key insight is that once the reclaimed GPA pages
have been allocated inside the guest OS, they are logically
marked as inaccessible (§4.2). Consequently, there is no need
to perform synchronous TLB flush. Instead, we can defer it
asynchronously (as they will never be accessed by others),
thereby avoiding lock contention. As shown in Figure 10, it
scales efficiently across all thread counts, achieving perfor-
mance close to regular anonymous page faults (Anon PF).
3. Scaling host memory guard with huge pages via hybrid
paging. When the host backs VM memory using base pages,
self-hosted remap is fairly efficient. However, when the host
allocates VM memory using huge pages, reclaiming free GPA
pages may introduce either internal (i.e., lazily freeing frag-
mented base pages from a host huge page) or external (i.e.,

GPA R RR R R R

Allocated Pages R Reclaimed Free PagesFree Pages

HPA R RR R R R

2MB Mapping

Active RegionPerformance-Insensitive Region

…
4KB Random Mapping

Figure 11: Hybrid paging. Memory allocated during subsequent
expansions is backed by huge pages on the host, whereas the previ-
ously allocated fragment pages are mapped using base pages.

directly splitting host huge pages) fragmentation on the host
side, particularly in the multi-VM environment.

We introduce hybrid paging to address this challenge, as
shown in Figure 11. Specifically, we first align GPA-HPA
mappings with huge pages to maximize system performance
and reduce TLB misses. For old fragment pages that are still
valid and cannot be reclaimed by guest reclaimer, we use base
pages to maintain their GPA-HPA mappings. Because these
fragmented pages typically reside in performance-uncritical
regions (e.g., kernel objects, page cache, and other cold mem-
ory areas), we let the host perform background compaction.
In contrast, performance-critical pages are allocated from
the newly expanded GPA regions and backed by host-huge
pages, which benefit from large GPA-HPA mappings. There-
fore, hybrid paging avoids both host-side and guest-side frag-
mentation to achieve the near-ideal performance (Figure 23).
Note that host-side compaction is necessary when the host
uses huge pages, whereas the guest remains compaction-free
during defragmentation, consistent with our insight (§3.3).

5 Implementation
INFINIDEFRAG requires coordinated changes to three layers
of the virtualization stack: the guest kernel, the host kernel,
and QEMU/KVM, with ∼ 7K lines of code (LoC) modi-
fied. Nevertheless, since INFINIDEFRAG operates as separate
modules at each layer, it is still compatible with existing vir-
tualization architectures, allowing traditional VMs and our
modified VMs to run concurrently within the same environ-
ment. This section summarizes where each component in §4
is implemented and how the three layers interact.
Guest-side implementation. The Infinite Address Manager
(§4.2) and the guest-side portion of Scalability Optimizer
(§4.4-1) are implemented inside the guest kernel and extend
the regular higher-order allocation path. Specifically, Guest
Reclaimer and Fast Reclaim are integrated with the guest
buddy allocator to identify and reserve free fragment GPA
pages, while Guest Extender manages GPA-space expansion
and memory hotplug. Moreover, the guest also maintains the
page bitmap used by Fast Reclaim and initializes per-page
metadata for newly onlined pages. From the guest’s perspec-
tive, INFINIDEFRAG remains transparent to applications: it is
triggered only when regular huge-page allocation fails.
Host-side implementation. The Host Memory Guard (§4.3)
and the host-side portion of Scalability Optimizer (§4.4-2
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Workload Mem Details

Gups
9.0
GB

A benchmark that updates in randomly selected
locations in large memory region. [1]

Specjbb
10.0
GB

A benchmark that models a business application,
stressing with compute, memory and GC. [3]

Redis
20.0
GB

An in-memory key-value store widely used for
caching, real-time analytics and serving. [16]

Graph500
4.5
GB

A benchmark that evaluates graph tasks, featur-
ing irregular memory access patterns. [6]

PR
11.0
GB

A benchmark from GAPBS, which computes
node importance in large graphs. [8]

BC
11.0
GB

A benchmark from GAPBS, which measures
the centrality of nodes. [8]

XSBench
5.8
GB

A Monte Carlo-based proxy application that
simulates neutron cross-section lookups. [12]

Liblinear
4.5
GB

A machine learning library commonly used for
training support vector machines (SVMs). [14]

CG.d
20.0
GB

A benchmark from the NAS Parallel Bench-
marks, solving large, sparse linear systems. [10]

Random
7.8
GB

Issuing randomized read/write operations to pro-
duce irregular memory access patterns. [7]

Table 1: Evaluated workloads. ’Mem’ is the working set size.
These workloads are widely used in prior studies [39, 43, 46].

and §4.4-3) are implemented in the host kernel. Their re-
sponsibilities are to (1) reclaim HPA pages corresponding to
freed GPA pages, (2) enforce the VM’s memory quota dur-
ing GPA expansion, and (3) maintain GPA–HPA mappings
during page reallocation. The host kernel further implements
the optimized remapping path used by self-hosted remap, the
bitmap-driven batch unmapping, and the host-side hybrid
paging. When the host uses huge pages, it may still perform
background compaction to recover host huge pages; However,
guest-side compaction is removed from the critical path.
QEMU/KVM integration. QEMU/KVM serves as the coor-
dination point between the guest and host implementations.
QEMU provisions the memory-backend device used for re-
served GPA expansion, while KVM handles the resulting EPT
faults and updates the corresponding second-level mappings.
Therefore, the optimized remapping (§4.4-2) and delayed
TLB-flush (§4.4-3) are also implemented in the KVM-assisted
host path, while QEMU provides the userspace memory back-
end needed to expose the expanded GPA region.

6 Evaluation
Our evaluation aims to answer the following questions:
• Does INFINIDEFRAG outperform competitors? (§6.2)
• Does INFINIDEFRAG reduce request latency? (§6.3)
• Can INFINIDEFRAG defragment memory efficiently? (§6.4)
• Can INFINIDEFRAG supply sufficient huge pages? (§6.5)
• Can INFINIDEFRAG scale to complex environments? (§6.6)
• Does INFINIDEFRAG introduce additional overhead? (§6.7)
• Does INFINIDEFRAG consume more resources? (§6.8)

6.1 Experimental Setup
Testbed. We conduct experiments on QEMU 8.2.94 with
KVM enabled, using a Linux 6.10.0 host kernel. Specifically,
(1) The host machine is a dual-socket server, where each

socket contains a 28-core Intel Xeon Gold 6330 CPU (2.0
GHz) and 128 GB of DRAM, running Ubuntu 22.04. (2)
The guest VM runs Ubuntu 20.04 and is configured with 16
vCPUs and 64 GB of memory. All modifications are applied
to both QEMU 8.2.94 and the Linux 6.10.0 kernel.
Competitors. We compare INFINIDEFRAG with several state-
of-the-art approaches for mitigating huge-page fragmentation
(guest side only): CBMM [43], LLFREE [53], Linux Transpar-
ent Huge Pages (Linux THP) under multiple configurations,
Linux using only 4 KB base pages (Linux 4 KB), and Linux
THP in non-fragment settings (NoFrag). Here, NoFrag de-
notes the non-fragmented baseline under the corresponding
host-page configuration used in each figure. CBMM applies
adaptive policies to decide when to defragment and form
huge pages, while LLFREE introduces a new kernel page
allocator optimized for 2 MB page allocation. For Linux THP,
we evaluate three variants: the default policy (promotion rate
1.6 MB/s), aggressive policy (16 MB/s, THP Aggr), and syn-
chronous huge-page promotion on page faults (THP Sync).
Workloads and methodology. Table 1 summarizes the work-
loads used in our experiments. We choose them because (1)
their working-set sizes reliably induce and expose fragmenta-
tion, and (2) they are widely used in prior studies. Moreover,
we evaluate host configurations using both 4 KB base pages
(THP is disabled) and 2 MB huge pages (THP is set to always).
Due to the page limit, we omit (some) detailed analysis of the
host-side huge-page configuration, as part of the results have
already been shown in §3, and these results follow a trend
similar to those of host-side base-page configuration.
Fragmentation setup. To emulate guest-side fragmentation,
we follow [46] (see details in §8) with additional steps. Specif-
ically, for each guest, we first load large files that exceed the
guest’s total memory capacity into the page cache, and then
randomly access them for 10 minutes to disrupt LRU ordering.
We further reclaim a memory region equal to the target work-
load’s working set, triggering page replacement to evict cold
pages. Meanwhile, we evaluate three levels of fragmentation.
• Extreme fragmentation setting. We logically divide the file-

backed memory into 2 MB regions and randomly access
256 × 4 KB pages within each region before reclaim. As a
result, the reclaimed holes are densely interleaved, so the
buddy allocator can coalesce free memory only into order-0
or order-1 chunks (i.e., 4 KB or 8 KB free extents), creating
severe fragmentation with almost no high-order pages.

• Moderate (50%) fragmentation setting. We access only 1–
2 random 4 KB pages in each 2 MB region before reclaim.
This leaves one or two “pinned” pages in every 2 MB-
aligned region, preventing order-9 coalescing while still
allowing the buddy allocator to merge the remaining free
space into 512 KB or 1 MB blocks. We refer to this setting
as 50% fragmentation because, after reclaim, each huge-
page-sized region remains coalescible only up to about half
of its original size (i.e., at most an order-8 block, or roughly
1 MB), rather than a full 2 MB order-9 block.
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Figure 12: End-to-end throughput under extreme fragmentation setting. All bars are normalized to NoFrag with host-huge
configuration, enabling direct comparison between the host-base and host-huge configurations. The dashed line marks this upper bound.
Moreover, the numbers above the bars report the throughput of NoFrag with host-huge configuration for each workload. The terms te, o, u, l,
and s denote Traversed Edges, Operations, Updates, Lookups, and Samples Per Second, respectively.
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Figure 13: End-to-end throughput under moderate (50%) fragmentation setting. All bars are normalized to NoFrag with
host-huge configuration, enabling direct comparison between the host-base and host-huge configurations. The dashed line marks this upper
bound. Moreover, the numbers above the bars report the throughput of NoFrag with host-huge configuration for each workload.

• Light/no fragmentation setting. We skip the fragmentation-
injection procedure above to avoid severe fragmentation.
Instead, we start from a freshly initialized VM, warm up the
workload, and measure after the memory layout reaches a
stable state. In this setting, contiguous 2 MB regions remain
widely available and all systems can obtain huge pages
normally, allowing us to check whether INFINIDEFRAG
introduces overhead on the normal allocation path.
Finally, we start the workload with both background com-

paction and THP promotion enabled. Unless otherwise stated,
the main results use the extreme fragmentation setting. Note
that competitors in the anti-fragmentation category (i.e.,
CBMM and LLFREE) are expected to mitigate the fragmen-
tation problem during this procedure, enabling subsequent
workloads to acquire more huge pages during execution.

6.2 Performance Improvement
Evaluation setup. In this section, we compare the end-to-
end throughput of INFINIDEFRAG under extreme, moderate,
and light/no-fragmentation settings, with all the workloads
summarized in Table 1, and the host with huge/base page con-
figurations. Moreover, all results are normalized to NoFrag
with the host-huge configuration. This unified normalization
enables direct comparison between the host-base and host-
huge configurations. Note that for INFINIDEFRAG, we enable
self-hosted remap (§4.3-2 and §4.4-2) when the host uses
base pages, and batch unmapping (§4.3-3) plus hybrid paging
(§4.4-3) when the host uses huge pages, separately.
Throughput under extreme fragmentation. The results in
Figure 12 show that INFINIDEFRAG consistently achieves the
highest throughput under all the configurations. Specifically,

when the host uses huge pages, INFINIDEFRAG approaches
the upper bound in most workloads, indicating that it pre-
serves most of the benefit of 2 MB guest and host mappings.
When the host uses base pages, INFINIDEFRAG still outper-
forms all baselines, but a visible gap to the upper bound re-
mains. This gap reflects the cost of shattered EPT mappings:
although INFINIDEFRAG preserves 2 MB guest pages, scat-
tered 4 KB host pages may prevent the host from using 2 MB
EPT entries, requiring up to 512 EPT entries for a 2 MB guest
region. However, even with this penalty, INFINIDEFRAG still
reliably supplies 2 MB huge pages on demand and avoids the
wasted compaction overhead incurred by Linux THP.

Throughput under moderate (50%) fragmentation. Fig-
ure 13 reports the moderate-fragmentation results under both
host-huge/base configurations, which suggests that INFINIDE-
FRAG remains the best-performing approach in both of the
two configurations. However, the throughput gap over Linux
THP becomes smaller than that in Figure 12. The reason is
that moderate fragmentation still leaves sizable contiguous
regions (e.g., 512 KB and 1 MB blocks), making huge-page
recovery easier for the baseline and therefore reducing the ben-
efit of compaction-free defragmentation. Moreover, compared
to the extreme fragmentation setting, INFINIDEFRAG with
moderate fragmentation remains closer to the upper bound
(i.e., NoFrag with host-huge pages) under the host-huge con-
figuration, whereas the host-base configuration still exhibits a
moderate gap due to the lack of 2 MB EPT mappings.

Throughput under light/no-fragmentation. In this set-
ting, since all systems can obtain host-side huge pages nor-
mally and easily, all approaches achieve similar performance.
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Figure 15: Latency analysis under YCSB-Redis. We first
build the database (i.e., the load phase), and the vertical dashed line
marks the transition to the run phase. We omit LLFREE and CBMM
because their results are similar to those of Linux 4 KB. Moreover,
the host uses base pages, experiments are conducted under extreme
fragmentation, and other configurations have a similar trend.

Therefore, we do not report the results under the light/no-
fragmentation setting. Specifically, when fragmentation is
mild, INFINIDEFRAG rarely needs to expand the GPA space,
while Linux THP can recover huge pages through direct
compaction with little overhead. As a result, the benefit of
compaction-free defragmentation becomes small.
Throughput of different THP settings. As shown in Fig-
ure 14, INFINIDEFRAG consistently outperforms all variants
of Linux THP across evaluated workloads. Notably, there is no
single THP configuration that achieves optimal performance
for every workload; both conservative (i.e., Linux Sync) and
aggressive (i.e., Linux Aggr) strategies can introduce perfor-
mance regressions. The reasons are further analyzed in §6.7.

6.3 Latency Analysis
Figure 15 shows the real-time latency of the YCSB workloads
during both the load and run phases. We report only the results
for the host using base pages under the extreme fragmentation
setting, while other configurations exhibit a similar trend. The
results suggest that INFINIDEFRAG consistently exhibits the
lowest latency, whereas all Linux THP variants (i.e., Linux
THP, THP Aggr, and THP Sync) exhibit poor latency and
can even underperform the 4KB-only baseline (i.e., Linux 4
KB). Interestingly, THP Sync and THP Aggr hit their latency
bottlenecks at different stages: THP Sync shows substantially
higher latency during the load phase, while THP Aggr suffers
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Figure 16: Defragmentation efficiency analysis. Experi-
ments are conducted without foreground applications. “FR” refers
to fast reclaim (§4.2), and “SR” refers to self-hosted remap (§4.3).
The host uses base pages, experiments are conducted under extreme
fragmentation, and other configurations have a similar trend.
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Figure 17: Comparison of page table walk cycles. The
host uses base pages, and experiments are conducted under extreme
fragmentation. Although using huge pages only at the guest cannot
reduce TLB miss rate, it still significantly reduces PTW cycles.

from severe latency spikes during the run phase. The reason
is that most memory allocations occur in the load phase; THP
Sync triggers synchronous compaction on the allocation path,
introducing high allocation latency. By contrast, THP Aggr
performs system-wide scanning and page migrations in the
run phase, heavily interfering with the YCSB-Redis workload.

6.4 Defragmentation Efficiency
This section measures the raw bandwidth of different defrag-
mentation mechanisms, where bandwidth is defined as the
amount of contiguous physical memory generated per sec-
ond. Similarly, we report only the results for the host using
base pages under the extreme fragmentation setting, while
other configurations exhibit a similar trend. Moreover, we
exclude those anti-fragmentation approaches (i.e., LLFREE
and CBMM) because they cannot produce contiguous mem-
ory. The results are shown in Figure 16, Compaction (i.e.,
Linux THP) achieves 0.91 GB/s, while INFINIDEFRAG + FR
& SR reaches nearly 20 GB/s (i.e., about 19× improvement).
These results demonstrate that INFINIDEFRAG can defrag-
ment memory with substantially higher efficiency.

6.5 Huge Page Analysis
Page table walk cycles. The workloads we evaluate (Ta-
ble 1) exhibit highly random memory access patterns, which
lead to frequent TLB misses and expensive page table walks.
INFINIDEFRAG outperforms other approaches primarily be-
cause it significantly reduces the cycles spent on page table
walks. Figure 17 compares PTW cycles across all approaches
and, together with Figure 12, demonstrates a strong correla-
tion between reduced PTW cycles and improved performance.
The remaining gap between INFINIDEFRAG with host base
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Figure 19: Allocated huge pages over time. The host uses
base pages, and experiments are conducted under extreme fragmen-
tation. We do not evaluate CBMM and LLFREE because they cannot
allocate any huge pages in many workloads (i.e., Figure 18).

pages and the upper bound in Figure 12 is consistent with
this result, as host base pages prevent the use of 2 MB EPT
mappings and thus increase nested page-walk overhead.
Allocated huge pages. By mapping larger memory regions
with each TLB entry, huge pages substantially reduce TLB
pressure and the number of memory accesses required during
a TLB miss. This reduction in PTW cycles makes huge pages
a critical optimization for efficient address translation.

Figure 18 shows the total allocated huge pages. Under se-
vere fragmentation, both anti-fragmentation (i.e., CBMM and
LLFREE) and defragmentation (i.e., Linux THP, THP Aggr,
and THP Sync) techniques allocate far fewer huge pages than
the total working set size. In contrast, INFINIDEFRAG nearly
reaches this upper bound, with the small remaining gap arising
from its fallback to base-page allocation when memory trade
(§4.2-1) is performed asynchronously. Although THP Aggr
can increase the number of allocated huge pages, they still
suffer from substantial throughput degradation (Figure 14)
due to the high overhead of memory compaction (§6.7).

We further analyze the temporal behavior of huge page
allocations across the workload’s execution, as shown in Fig-
ure 19. Most workloads allocate physical memory gradually
rather than all at startup, consistent with the OS’s lazy allo-
cation policy. Consequently, memory allocation continues
throughout the workload’s lifetime, making these workloads
highly sensitive to the memory compaction overhead. Be-
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Figure 20: Multi-thread throughput. The host uses base
pages, and experiments are conducted under the extreme fragmen-
tation setting. Note that the Redis server is a single-thread model;
therefore, increasing thread counts does not improve throughput and
may even degrade performance due to lock contention.
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Figure 21: Multi-VM throughput. The host uses huge pages,
and experiments are conducted under extreme fragmentation. Each
bar reports the average throughput. We do not evaluate the host with
base pages because its performance is similar to the single-VM case
(i.e., without host-side fragmentation and inter-VM interference).

cause memory compaction lies on the critical path of the page
fault handler—i.e., during physical page allocation—it can
introduce substantial runtime overhead.

6.6 Scalability Analysis
Throughput under multi-threads. As shown in Figure 20,
INFINIDEFRAG consistently outperforms competitors at all
concurrency levels, demonstrating the effectiveness of opti-
mized fast reclaim (§4.4-1) and optimized self-hosted remap
(§4.4-2). Specifically, THP Sync fails to scale for Redis and
Graph500 because synchronous compaction in the page-fault
path becomes a bottleneck at high concurrency. Linux THP
also fails to scale, as its background compaction depends on
expensive page migrations, including TLB shootdowns. Note
that the huge page configuration (on the host) and the moder-
ate (50%) fragmentation setting exhibit a similar trend, and
we evaluate only six workloads due to the page limit.
Throughput under multi-VMs. Figure 21 shows the aver-
age performance of three VMs, where INFINIDEFRAG out-
performs competitors in most cases, demonstrating the effec-
tiveness of optimized fast reclaim (§4.4-1) and hybrid paging
(§4.4-3). Note that the multi-VM results are similar to those of
the single-VM results (i.e., Figure 12), indicating that there is
no noticeable performance interference between VMs. More-
over, we omit the configuration where the host uses base pages
or suffers from moderate (50%) fragmentation, because these
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Figure 22: Overhead analysis of INFINIDEFRAG. The host
uses base pages, and experiments are conducted under the extreme
fragmentation setting. (a) Page Fault includes memory compaction
or fast reclaim. (b) Opt. KR is our optimized in-kernel remap, Naive
KR is the in-kernel remap without deferred TLB flush, UFFD is
userfaultfd, and Mremap is the mremap syscall (§4.4-2).

.
settings do not introduce meaningful host-side fragmentation
or inter-VM interference; therefore, their overall performance
is expected to be similar to the single-VM case.

6.7 Overhead Analysis
Infinite address manager. We first analyze Gups to evalu-
ate whether infinite address manager introduces additional
overhead, as shown in Figure 22a. The results show that IN-
FINIDEFRAG reduces the time spent in the page-fault path
and achieves near-optimal performance thanks to optimized
fast reclaim (§4.4-1). In contrast, Linux THP reduces PTW
cycles but spends considerable time in memory compaction
(i.e., increased Page Fault). As a result, the runtime is even
longer than that of Linux 4 KB. Note that the host-side Page
Fault introduced in Figure 22a is different from the guest-side
anonymous page fault introduced in Figure 10.
Host memory guard with base pages. We further evaluate
whether the optimized kernel remap (i.e., Opt. KR, §4.4-2)
improves the efficiency of self-hosted remap and thereby min-
imizes the overhead of host memory guard when the host uses
base pages. The results in Figure 22b indicate that, by safely
deferring TLB flushes, Opt. KR eliminates nearly all lock
contention overheads (i.e., only reserve Lock: KVM MMU),
thus achieving the best performance with minimal overheads.
Host memory guard with huge pages. We next evaluate
whether hybrid paging mitigates host-side fragmentation and
thereby reduces the overhead of Host Memory Guard when
the host uses huge pages (§4.4-3). As shown in Figure 23a,
w/ Hybrid Paging achieves performance close to Ideal, which
represents the case where the host has sufficient free memory
to provide huge pages. This prevents INFINIDEFRAG from
degrading to Worst, which occurs when the host becomes
fully fragmented and cannot provide any huge pages.
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Figure 23: Multi-VM analysis of hybrid paging. The host
uses huge pages (i.e., only this configuration has hybrid paging), and
experiments are conducted under the extreme fragmentation setting.
Moreover, (a) Gu., Sp. Re., and Gr. represent Gups, Specjbb, Redis,
and Graph500. Ideal and Worst denote Linux THP running atop
the host using all huge and base pages. (b) Each VM sequentially
executes the six workloads listed in subfigure (a).
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Figure 24: Real-time CPU usage. The host uses base pages,
and experiments are conducted under extreme fragmentation.

The small remaining gap observed in BC and Gups work-
loads arises from two aspects: (1) reclaiming fragmented
pages may require splitting nearby huge pages into 4 KB map-
pings; and (2) the host performs asynchronous compaction on
these 4 KB pages, introducing background overhead. Because
most of these 4 KB pages reside in performance-insensitive
regions, their overheads have only a minor impact.

Figure 23b shows that each VM requires only 30–40 GB of
huge pages. This is because host-side huge pages are primarily
applied to the expanded GPA region, which largely covers
workloads’ working set. In addition, VMs finish with a similar
time, indicating a small interference between them.

6.8 Consumed Resources
CPU usage. Figure 24 shows that INFINIDEFRAG consumes
fewer CPU cores with negligible fluctuations than competitors.
Under fragmented memory, Linux THP incurs compaction
overhead from page faults and the background daemon. More-
over, LLFREE and CBMM consume more CPU cores to care-
fully control page placement decisions and preserve large
contiguous regions for each allocation. In contrast, INFINIDE-
FRAG eliminates compaction and introduces only negligible
CPU overhead when expanding contiguous memory.
Memory usage. The fast reclaim (§4.2-2) introduces a page
bitmap that tracks page states using only 2 bits per page (one
bit for free/allocation state and one bit for online/offline state).
In addition, as the guest physical address space grows, the
memory footprint of per-page metadata increases proportion-
ally: each 4 KB page requires 64 bytes of metadata, amounting
to roughly 1.6% of its size. Moreover, the memory overheads
of all other kernel data structures are negligible.
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7 Discussion
Host-side huge pages vs base pages. Using huge pages
on the host reduces TLB pressure and page-table footprint,
thereby improving VM performance. However, huge pages
limit fine-grained control: they complicate memory reclama-
tion, increase internal fragmentation, and disable page-level
deduplication mechanisms such as KSM [27, 39, 55]. In con-
trast, base pages provide greater flexibility for reclamation,
compaction, and deduplication, but incur higher TLB over-
head. Overall, host-side huge pages deliver high performance,
whereas host-side base pages offer high flexibility, and IN-
FINIDEFRAG performs well under both configurations.
Giant page support. 1 GB giant pages provide substan-
tial benefits for memory-intensive workloads [50]. However,
Linux currently lacks transparent support for 1GB THP, and
memory fragmentation makes such allocations nearly impos-
sible in practice [50, 56]. In contrast, INFINIDEFRAG can
efficiently construct large contiguous physical regions, mak-
ing 1 GB page allocation far more feasible.
Unbounded GPA space expansion. We currently apply no
specialized optimizations to the unbounded GPA expansion.
Therefore, there are two possible problems: (1) page-metadata
memory grows linearly with GPA size; one possible optimiza-
tion is to recycle metadata from reclaimed pages to avoid
new allocations during future expansions. (2) unrestricted ex-
pansion could eventually exhaust the 57-bit physical address
space, although this would take more than a century (§3.3). A
potential optimization is to retrieve earlier fragmented pages
from the host while returning the expanded contiguous re-
gions. We leave these optimizations to our future work.
Page cache reclamation. The page cache is a major con-
tributor to guest-side memory fragmentation [42]. Therefore,
we plan to leverage our fast reclaim mechanism (§4.2-2) to
reclaim fragmented page-cache pages. By integrating page-
cache reclamation into the defragmentation pipeline, we ex-
pect to further improve the availability of contiguous memory
and enhance the overall effectiveness of INFINIDEFRAG.

8 Related Work
Object-level and allocator-level defragmentation. Object-
based defragmentation techniques classify objects by pre-
dicted lifetimes and colocate those with similar lifetimes [24,
31, 40, 41]. Recent allocator-level techniques such as TCMal-
loc [31] are also hugepage-aware and improve huge-page
utilization in production by steering allocations into already-
backed huge pages and adaptively releasing unused subre-
gions. Because the kernel ultimately manages memory at
page granularity, these approaches operate primarily in user
space and do not directly address guest physical memory frag-
mentation inside a VM. In contrast, INFINIDEFRAG operates
at the guest-physical level and is orthogonal to such methods;
the two could be combined to further improve performance.
Page-level defragmentation. Illuminator [48] targets perma-
nent fragmentation caused by unmovable pages but does not

optimize regular memory compaction, making it complemen-
tary to our approach. LLFREE [53] revisits page-frame allo-
cation from the kernel level and provides a scalable allocator
with low metadata overhead and built-in anti-fragmentation
behavior for huge pages. However, it requires replacing the
Linux buddy allocator, making it less compatible with exist-
ing kernel features such as compaction and NUMA balancing.
Moreover, under the highly fragmented VM settings (e.g., the
extreme fragmentation setting in §6.1), its anti-fragmentation
benefits become limited and it underperforms INFINIDEFRAG
in end-to-end throughput (i.e., Figure 12 and Figure 13).

NUMA-aware defragmentation. vMitosis [46] addresses
remote page-table accesses in virtualized NUMA systems by
improving translation locality, either by migrating page tables
to the local node or replicating them across sockets. We do not
compare against it because the two works are orthogonal: vMi-
tosis focuses on NUMA-aware page-table placement, whereas
our work targets memory defragmentation. By the way, our
proposed memory trade (§4.2-1) can achieve NUMA-aware
support by implementing at a per-NUMA-node granularity,
ensuring that the GPA space expansion allocates and reclaims
pages only from the corresponding NUMA node.

Architectural support for defragmentation. Some prior
works [25, 49, 56] address huge-page allocation under frag-
mentation by introducing architectural-level optimizations,
which require specialized hardware support. For example,
Contiguitas [56] targets host-side physical memory conti-
guity. It separates movable and unmovable allocations and
uses hardware support to migrate unmovable pages, thereby
increasing the availability of contiguous HPA. In contrast,
INFINIDEFRAG provides contiguous GPA without guest-side
compaction. The two approaches are therefore complemen-
tary: a host running Contiguitas could provide more contigu-
ous HPA memory, allowing INFINIDEFRAG’s host-huge page
mode and hybrid paging to use more 2 MB-2 MB mappings.

9 Conclusion
We propose INFINIDEFRAG, a novel defragmentation tech-
nique for virtualized environments that efficiently generates
huge pages. The key insight is to treat the guest physical ad-
dress space as (nearly) infinite by controlling the mapping
between guest and host physical addresses, thereby elimi-
nating the need for costly memory compaction. Extensive
experiments demonstrate that INFINIDEFRAG outperforms
state-of-the-art approaches, achieving near-optimal perfor-
mance comparable to non-fragmented memory conditions.
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