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Abstract

Memory is one of the most expensive and underutilized re-
sources in cloud datacenters. Transparent memory compres-
sion reclaims overcommitted memory without additional
hardware or application changes. Yet our production de-
ployment of Linux zswap reveals substantial overhead for
latency-sensitive workloads. Although compressed pages re-
main in memory, zswap retains disk-oriented swap indexing,
red-black-tree lookup, swap-cache management, and slot al-
location. Consequently, roughly 40% of swap-in critical-path
CPU cycles are spent on bookkeeping rather than decom-
pression.

To eliminate this disk-centric tax, we present Zswap Boost,
which encodes the compressed-page metadata location in
the page-table entry. It reduces zswap’s three-level lookup to
two and removes swap-slot, red-black-tree, and swap-cache
operations from the critical path. We also integrate Intel [AA
using batched compression and asynchronous decompres-
sion. Zswap Boost is implemented in our commercial Linux
distribution and has run in production for nearly two years.
In controlled experiments, Zswap Boost reduces swap-in
latency from 6.6 ~ 19.9 us to 2.5 ~ 4.3 s, cuts Flink kernel-
mode CPU time from 54.3% to 19.0%, and saves 12.5% of
memory at a 2.13% performance cost. It also reduces Redis
P99 latency by up to 18.5% compared with vanilla zswap. In
our Flink cluster, the broader memory-overcommit pipeline
enabled 130 physical machines to be retired.
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1 Introduction

In the cloud, the memory budget of a workload is typically
provisioned for its peak load. A workload whose working set
exceeds its provisioned memory becomes I/O-bound through
memory swapping. To meet low-latency requirements while
avoiding the out-of-memory (OOM) killer, cloud service
providers (CSPs) take a cautious approach. Tenants over-
provision virtual-machine (VM) memory to keep systems
running without touching swap, and operators often dis-
able swap space entirely to avoid I/O-induced jitter. This
is safe but wasteful, and it leaves a large fraction of costly
datacenter memory stranded and idle, especially in public
clouds.

A common remedy is to enlarge the effective memory of
a machine (a.k.a. memory extension). Tiered memory [7, 19,
21] integrates slower local devices such as NVMe or persis-
tent memory (e.g., Intel Optane DC [9]), but requires addi-
tional hardware and thus extra cost. Remote memory instead
borrows idle memory across machines via interconnects such
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Table 1. Comparison of memory-extension mechanisms.

Memory- Extra- Performance Disk- Cloud-
Extension Hardware Centric Deployed
Swap b 4 Low v Hard
Tiered Memory v High b 4 Hard
Remote Memory ¢/ Mid X Hard
Zswap X Low v Easy
Zswap Boost b 4 High X Easy

as remote direct memory access (RDMA) or rack-scale Com-
pute Express Link (CXL) [1, 4, 8, 15, 22, 29]. Even with cloud-
grade 400 Gbps ConnectX-6 RDMA network interface cards
(RNICs), remote accesses are far slower than local DRAM.
Across our clusters, we observed 20%~50% slowdowns at
a 1:1 local-to-remote ratio. Remote memory is also hard to
operate in the cloud, as cross-machine memory management
adds error handling and synchronization complexity. Table 1
summarizes these trade-offs.

Transparent memory compression is an attractive alterna-
tive because it is purely software and needs no extra hard-
ware [2, 11]. Zswap [28], a mainline Linux feature, inter-
cepts pages on the swap-out path through the frontswap
API [18], compresses them, and stores them in a dynami-
cally sized in-memory pool (zpool) rather than writing them
to disk. On a subsequent page fault, it decompresses the
payload into a newly allocated page and then installs that
page into the faulting process’s page table. By keeping re-
claimed pages in DRAM, zswap smooths the I/O storms and
performance cliffs that plague disk-backed swap, and it has
been shown effective at warehouse scale [13, 29]. Recent
work also uses hotness-aware, size-adaptive compression to
reduce compressed-swap latency and CPU use on mobile
devices [16]. Zswap Boost instead targets the Linux swap-
path bookkeeping that affects cloud workloads. In practice a
userspace agent monitors metrics such as latency and tunes
how much memory the system reclaims, bounding perfor-
mance degradation.

We deployed zswap across our production fleet of thou-
sands of servers (§2.3) and confirmed its memory benefits,
but also discovered persistent overhead. Zswap executes sub-
stantial swap bookkeeping on every swap-in (§2.4), and this
overhead (§2.5) becomes a first-order bottleneck for memory-
intensive workloads such as Flink and latency-sensitive work-
loads such as Redis. Through in-depth on-production pro-
filing, we find that roughly 40% of the CPU cycles on the
swap-in critical path are spent not on (de)compression but
on swap machinery itself.

The root cause is architectural. Unlike prior work that
attacks the symptom by classifying hot/cold pages to limit
how much is compressed, we revisit the zswap implemen-
tation in vanilla Linux and find that, although compressed
pages never leave DRAM, zswap is still built on Linux’s disk-
centric swap subsystem (§2.1). It reuses swap_info_struct,

the typet+offset indexing, a per-type red-black tree, and
the swap-slot allocator and swap cache, all of which were
designed for block devices. Locating a compressed page there-
fore requires lookups by type, of fset, and handle, together
with a tree lock, even though the processor could address the
page directly. This indirection is the disk-centric tax that in-
flates swap-in latency and, in turn, the tail latency governed
by service-level agreements (SLAs).

Motivated by this finding, we present Zswap Boost, a
lightweight swap system that decouples transparent mem-
ory compression from disk-oriented swap. Its key insight
is simple but consequential. Because a compressed page is
resident and directly addressable in memory, its location can
be encoded in the page table entry (PTE) itself. Zswap Boost
makes two changes (§3.1). First, it repurposes the otherwise-
unused of fset bits of the swap PTE to store a direct pointer
to the compressed-page metadata, collapsing the three-level
lookup into two levels while removing the red-black tree
and its lock from the critical path. Second, it streamlines
the swap-out and swap-cache paths by skipping swap-slot
scanning and swap-cache indexing that serve no purpose
for in-memory data. Crucially, these changes preserve the
existing PTE format and swap semantics, so Zswap Boost
remains fully transparent to applications and coexists with
vanilla swap.

We implement Zswap Boost in the Linux kernel (§3.4)
by introducing new indexing data structures (§3.5) and op-
timizing the swapping workflow (§3.2). The implementa-
tion touches 21 files (36 including the IAA extension) and
is transparent to applications. We also integrate the Intel
In-Memory Analytics Accelerator (IAA) as a complementary
extension, using batching for compression and overlapping
asynchronous decompression with swap-in metadata pro-
cessing (§3.6). Zswap Boost has been integrated into our
commercial Linux distribution and has run in production for
nearly two years. We evaluate it (§4) using Nexmark [20] on
a Flink cluster [3] as a platform-as-a-service (PaaS) workload,
and redis-benchmark [24] on Redis [23] as an infrastructure-
as-a-service (IaaS) workload. Zswap Boost reduces Flink
swap-in latency from 6.6 ~ 19.9 us to 2.5 ~ 4.3 us and Redis
get-path latency from 3.51 ys to 1.44 us (256 B values), cuts
total Flink execution time by 195.8 s (7.39%) over zswap, and
lowers Redis P99 latency by up to 18.5%. Under the evalu-
ated 25% reclaim configuration, it provides 12.5% capacity-
equivalent memory savings.

Our contributions are as follows:

(1) Through in-depth profiling of vanilla zswap on a pro-
duction Flink fleet, we identify and quantify the disk-centric
tax. A substantial fraction of swap-in CPU cycles is spent on
disk-oriented swap bookkeeping rather than on decompres-
sion, even though compressed pages stay in DRAM.

(2) We design Zswap Boost. To the best of our knowledge,
it is the first system to eliminate zswap’s disk-centric design
and dependencies by encoding the compressed-page location
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Figure 1. Zswap Architecture

directly in the PTE. We also explain how the design preserves
swap correctness and transparency.

(3) We implement Zswap Boost in the Linux kernel and
evaluate it with microbenchmarks and production applica-
tions (Flink and Redis), reporting both controlled experi-
ments and nearly two years of production deployment expe-
rience.

(4) We integrate Intel IAA hardware compression into
Zswap Boost (§3.6, §4.4) and show that software streamlining
and hardware offloading are complementary. IAA further re-
duces swap-in latency to 1.8 us (91% below vanilla), increases
compression throughput by 5.9%, and raises memory savings
from 12.5% to 15.2%.

2 Background and Motivation

In this section, we first introduce zswap and the disk-centric
swap mechanism it is built on in vanilla Linux. We then re-
port the effect of enabling zswap on our production Flink
fleet and explain why it triggers more page faults and swap-
ping. Finally, our profiling shows that a large share of swap-
in time is spent in kernel swap bookkeeping rather than in
decompression.

2.1 Introduction to Zswap

Zswayp is a Linux memory-management feature that provides
transparent, page-level compression. Its goal is to compress
cold pages instead of paging them to disk, improving effective
memory capacity under pressure while reducing reliance on
slow swap I/0.

When a system, or a cgroup-limited application [27], ex-
hausts its memory budget, the Linux kernel reclaims inactive
pages by swapping them to disk-backed swap space, freeing
the corresponding page frames (a.k.a. memory swapping).
Because disk is orders of magnitude slower than DRAM,
frequent swapping severely degrades performance. For this
reason, swapping is disabled by default on our production
systems.

Figure 1 shows the zswap architecture. Rather than writ-
ing a page that is about to be swapped out directly to disk,
zswap compresses it and stores it in a dedicated in-memory
pool (zpool [28]). When the page is accessed again, the kernel
decompresses it and remaps it into the page table, avoiding
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Figure 2. Data Structures of Swap in Vanilla Linux

the latency spikes of disk I/O. This effectively enlarges avail-
able memory at the cost of CPU cycles for (de)compression.
Zswap thus strikes a balance between paging fully to disk
and keeping everything resident, which makes it well suited
to memory-intensive and latency-sensitive workloads such
as big-data engines and in-memory databases.

2.2 Disk-Centric Swap in Linux

Swap mechanism. Linux’s swap subsystem is fundamen-
tally oriented towards block storage, because the original
backing store of swap can only be a disk device or a swapfile.

Figure 2 shows the core data structures. The kernel tracks
each active swap area with a swap_info_struct and indexes
a swapped-out page with a swp_entry_t, an unsigned long
(typically 64 bits) that can be stored directly in a page table
entry (PTE). A swp_entry_t identifies a page by its swap
area (type) and position within that area (offset). On a
fault, the kernel () reads the PTE and converts it to a swp_
entry_t. It then @ @) uses type to locate the swap_info_
struct and @ uses of fset to read the page. On swap-out,
the kernel first scans swap_info_struct for a free slot. It
then encodes type and offset into the swap PTE, writes
the page, and releases the frame.

Design of zswap. To integrate transparently with this sub-
system, zswap reuses the same index format and addresses a
zswap_entry by type and of fset. As Figure 3 shows, a per-
area zswap_tree selected by type holds a red-black tree that
indexes zswap_entry objects by of fset. Each zswap_entry
points into a zpool, and a handle locates the compressed
bytes. Accessing one compressed page requires three lookup
levels: type, of fset, and handle. The kernel () reads swp_
entry_t from the PTE, (2) locates zswap_tree using type,
@@ finds zswap_entry using of fset, and (5) decompresses
through zpool and handle into a newly allocated frame.
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Figure 4. Inactive Memory in Flink

This indexing is necessary for disk-backed swap, where
pages leave memory and the processor cannot address them
directly. But compressed pages managed by zswap remain
in DRAM and are directly addressable. The type+offset
indirection, the per-area tree, and its lock are thus pure over-
head inherited from the disk-centric design. This observation
motivates the design in §3.

2.3 Zswap in Production Deployment

Before enabling zswap, we characterized memory usage
across our Flink cluster of roughly one thousand servers
and analyzed a representative node. Figure 4 reports inactive
memory over time on a 512 GB Flink server. More than 25 GB
remains untouched for over 24 hours. Because zswap stores
reclaimed pages in the zpool rather than on disk, and such
cold pages are rarely re-accessed, we expected that careful
application selection would allow zswap to avoid paging to
disk without violating latency SLAs.

Guided by this analysis, we enabled zswap on the Flink
cluster. Flink [26] is a memory-hungry big-data engine whose
CPU utilization is effectively capped by memory capacity.

exc_page_fault (54.27%)
handle_ mm_fault (50.56%) )
do_swap_page (49.45%) )

queued_spin_lock_slowpath (8.92%) ]
1z4_decompress_crypto (8.78%))
read_swap_cache_async (11.69%))
swap_entry_free (12.82%)

Figure 5. Inclusive call-path sample shares for Flink swap-in
with vanilla zswap on Linux 5.10.

Reclaiming idle memory lets us pack more jobs per server,
which raises CPU utilization and overall cluster efficiency. In
production, this lifted CPU utilization by about 15%. This 15%
increase is the aggregate result of our memory-overcommit
pipeline, which combines cold-page selection, direct zero-
page reclamation, and compressed-memory reclamation. In
production, we use the reclaimed capacity to consolidate
more jobs while keeping node memory utilization below a
75% safety watermark and meeting workload SLAs.

2.4 Issues in Zswap

Enabling zswap also introduced an unexpected cost. Com-
pared with a node without zswap, a zswap-enabled node
exhibits markedly more page faults and swapping. Because
the memory available to applications shrinks, accesses more
often hit pages already moved into zswap, and each access
is handled through the page-fault path. We anticipated some
overhead from page faults and (de)compression, but the mea-
sured slowdown exceeded our expectations.

Zswap handling splits into two halves. Swap-out (1) scans
and selects pages to reclaim, then (2) compresses anony-
mous pages into the zpool. Swap-in reverses these steps. It
(1) locates and decompresses the page in the zpool using
the PTE and (2) installs it into the faulting process’s page
table. We hypothesized that the dominant cost lies in swap-
in because reclamation runs in the background. The kswapd
thread scans and swaps out pages once free memory falls
below a watermark [5]. Swap-out is therefore largely off the
application’s critical path, whereas swap-in is synchronous
and latency-critical.

2.5 Profiling of Memory Swap-in

To pinpoint the swap-in bottleneck, we built a test environ-
ment matching our online Flink configuration (detailed in
§4.1) and profiled it under Nexmark [20] workloads. This
environment uses Linux 5.10 because it was the production
kernel in our internal systems when the profiling was con-
ducted.
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Figure 5 shows function-level samples of the swap-in path
captured with perf-record(1) [17]. The profile reports in-
clusive call-path sample shares (the Children column of
perf report). Page-fault handling appears in 54.27% of sam-
ples, the swap-in handler in 49.45%, and LZ4 decompression
in 8.78%. Because these paths are nested, the percentages
are not additive. The 40.67 percentage-point gap between
the swap-in and decompression shares indicates that most
sampled swap-in work lies elsewhere in the swap path, in-
cluding page management, kernel data-structure operations,
and slot/cache management.

This is the crux of zswap’s limitation. Although com-
pressed pages reside in memory, zswap still manages them
with swap_info_struct and type/offset indexing designed
for block devices. This design requires lookups by type,
offset, and handle, together with a tree lock, instead of
direct addressing. We call this overhead the disk-centric tax.
Zswap Boost aims to eliminate this tax and reduce swap-in
latency.

3 Zswap Boost Design

This section first presents the high-level design, workflow
optimizations, and correctness properties of Zswap Boost.
It then describes the Linux implementation, PTE encoding,
and IAA extension.

3.1 Design Overview

The profiling in §2.5 shows that zswap’s overhead comes
from the disk-centric indirection it inherits, not from com-
pression. This result motivates our central idea. Because a
compressed page resides in DRAM and is directly address-
able, we store its location in the swap PTE and access its
metadata without walking a per-area red-black tree.
Concretely, Zswap Boost stores a direct pointer to a zswap_
entry in the offset field of swp_entry_t. In Linux 5.10,

vanilla zswap uses the red-black tree to map a swap offset to
the corresponding zswap_entry, because the offset identifies
a backing slot rather than the metadata address. By storing
the metadata address in the PTE instead, Zswap Boost makes
this offset-to-entry index unnecessary. This yields two bene-
fits. First, the kernel no longer looks up the red-black tree in
zswap_tree to find a zswap_entry, eliminating that entire
code path. Second, it no longer takes the lock protecting that
tree, removing a source of lock contention on the swap-in
critical path. Once these are gone, all disk-related swap struc-
tures become dead weight for compressed pages and can be
removed, decoupling transparent memory compression from
the swap partition.

Figure 6 shows the resulting design. The red-black tree and
its associated structures are removed, reducing three lookup
levels to two. When an application touches a compressed
page, the kernel ) reads swp_entry_t from the PTE, 2
obtains zswap_entry from of fset, 3 locates the zpool, and
(@ decompresses and installs the page.

Removing zswap_tree raises one question: how does the
kernel recover a zswap_entry from a PTE without it? Zswap
Boost stores the address of the zswap_entry, rather than
the object itself, in the PTE. Specifically, it places the low
48 bits of the address in the 50-bit logical offset field of
swp_entry_t. On a fault, the kernel reads the PTE and deref-
erences this pointer directly. Section 3.5 details how this
address is packed into swp_entry_t without altering the
PTE format.

3.2 Workflow Design

Zswap Boost removes unnecessary work from memory swap-
ping and the swap cache.

Memory swapping. As described in §2.2, swap-out nor-
mally scans swap_info_struct for a free slot before writ-
ing a page. Since Zswap Boost never touches a swap area,
it safely skips this step, removing the bitmap scan and slot-
allocation overhead entirely. Consequently, Boost-managed
pages are not written back to a swap device. Like a zram con-
figuration without backing-device writeback, Zswap Boost
relies on bounded reclamation and reserved memory head-
room rather than disk-backed OOM resilience. To distinguish
Boost entries on swap-in, we reserve the last swap type (MAX_
SWAPFILES-1)as a marker in the PTE. Reading swp_entry_t
immediately reveals whether Zswap Boost manages the page.
The kernel can then skip the swap_info_struct lookup and
related bookkeeping.

Swap cache. The swap cache tracks pages that have been
read back from swap but not yet evicted, so repeated accesses
hit DRAM instead of re-reading swap. It also indexes pages
by offset in a radix-tree/XArray [6], adding overhead that
is pointless for in-memory data. Zswap Boost stores a direct
pointer to the resident page inside zswap_entry. The kernel
follows this pointer and bypasses the swap-cache lookup
altogether.



3.3 Correctness and Transparency

Zswap Boost uses the existing non-present swap-PTE for-
mat instead of introducing a new format. This preserves the
invariants used by the rest of the kernel. The entry remains a
non-present swap PTE. Page-table walks, translation looka-
side buffer (TLB) handling, and the PAGE_PRESENT/PAGE_
PROTNONE fast paths are unaffected. The prototype uses MAX_
SWAPFILES-1 as the Boost marker and does not allocate
a backing slot for Boost entries. Our evaluated configura-
tion uses one real swap area and therefore does not conflict
with this marker. A general deployment must reserve the
marker type or reject a conflicting swapon operation. Be-
cause Boost entries do not belong to a backing swap area,
their mappings must be drained before disabling swap. The
pointer stored in offset references a reference-counted,
slab-allocated zswap_entry. Each installed Boost PTE, in-
cluding a copy created by fork, contributes to the entry’s
map count through swap_duplicate(). On swap-in, the
fault handler acquires the page-table lock, rechecks the PTE
with pte_same(), and only then dereferences the decoded
entry. Removing a PTE drops its mapping reference, and the
entry is released only after its mapping and object references
reach zero. Zswap Boost is enabled per node for selected
workloads rather than serving as a system-wide replacement
for vanilla zswap. Each node runs either vanilla zswap or
Zswap Boost, allowing deployment and rollback to proceed
independently across the cluster.

3.4 Implementation Overview

We implement Zswap Boost in the Linux kernel. Because
the design decouples transparent compression from the disk-
centric swap path, we add a self-contained module rather
than modifying the existing zswap codebase. We leave the
original zswap unchanged so that applications already rely-
ing on it in production are unaffected. Relative to the Linux
5.10 branch point, the core Zswap Boost implementation
changes 21 files, with 1,294 insertions and 71 deletions. In-
cluding the IAA extension, the complete prototype changes
36 files, with 4,789 insertions and 796 deletions.

3.5 PTE Encoding

The original swp_entry_t encodes type and offset as fol-
lows:

| TYPE(59-63) | ~OFFSET(9-58) |@|@|X|X|X|X|F|SD|0|

On x86-64, bits 59-63 hold type, and physical PTE bits 9-58
hold the bitwise complement of the 50-bit logical of fset.
In bits 0-8, F denotes userfaultfd write-protect state, and
SD denotes soft-dirty state. Bits 0, 7, and 8 remain zero.
Zswap Boost preserves the non-present swap-PTE format
and changes how the available fields identify a zswap_entry.
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For the 4-level scheme, address bits 0-47 occupy logical
offset bits 0-47, while logical offset bits 48—49 are zero. After
x86 inversion, physical PTE bits 9-56 contain the comple-
mented address bits and bits 57-58 are one. For the 5-level
scheme, the low 50 bits of a 52-bit entry locator occupy the
logical offset and the upper two bits occupy software bits
3-4. Decoding recovers the 50-bit offset and concatenates
bits 3—4 to reconstruct the locator. The experiments in this
paper use the 4-level configuration. The encodings are:

swp_entry_t format in 4-level page table
[ TYPE(59-63)|1]|1|~ENTRY(9-56)|@]|@|X|X|X|X|F|SD|@]|

swp_entry_t format in 5-level page table
| TYPE(59-63) | ~LOC(9-58) |@|@|X|X|E|E|F|SD|Q|

3.6 IAA Extension

While Zswap Boost eliminates disk-centric bookkeeping,
software compression still sits on the reclaim critical path.
Recent Intel server CPUs include Intel IAA [10, 12], which
offloads DEFLATE through descriptor-driven work queues
(WQs). Recent work also integrates Intel QAT with kernel-
space memory compression [30]. Such hardware accelera-
tion reduces compression cost, while Zswap Boost targets
swap-path bookkeeping. Compared with LZ4, DEFLATE typ-
ically yields a higher compression ratio, improving effective
memory capacity and reducing zpool footprint. IAA is op-
timized for throughput rather than single-request latency.
Compressing one 4 KB page incurs a fixed descriptor round-
trip (~5-6 ps), which can exceed the latency of in-core LZ4
(~2.5 ps). Our design therefore treats IAA as a pipelined de-
vice that must be kept busy with batches, while preserving
a low-latency software fast path.



We extend Zswap Boost with an IAA backend (Figure 7)
that addresses six practical challenges.
N:M CPU-to-WQ mapping and backpressure. We map
many CPUs to a smaller number of shared WQs via round-
robin selection, avoiding per-core WQ provisioning. If a WQ
is saturated, we immediately fall back to software LZ4 to
avoid reclaim-path stalls and potential deadlocks.
Asynchronous frontswap store. We add an async_store
callback to frontswap_ops. Swap-out submits compression
descriptors without blocking and defers completion checks
until batch commit time, allowing reclaim to continue while
IAA runs.
Batch compression in reclaim. Inside shrink_folio_
list, we accumulate up to 16 pages in a per-CPU descriptor
ring and submit them as a batch. This amortizes descriptor
overhead and improves WQ utilization. For swap-in, the [AA
prototype sets page-cluster=3, allowing an adaptive local
readahead window of up to eight pages to create additional
decompression requests.
Latency hiding on swap-in. On a page fault, we first allo-
cate the destination page and then submit the decompression
descriptor. While IAA executes, the CPU performs the re-
maining metadata preparation, including least-recently-used
(LRU) insertion and cgroup accounting. The PTE is installed
only after decompression completes successfully. If the fault
is isolated or the WQ is busy, we use a software LZ4 fallback
to bound tail latency.
Non-uniform memory access (NUMA) and work con-
servation. We prefer a local IAA device for pages reclaimed
from a given NUMA node and use a remote device only when
local queues are saturated. This minimizes cross-socket traf-
fic while preserving accelerator throughput under pressure.
Memory management and correctness. For compression,
we pre-allocate output buffers based on a conservative worst-
case bound for DEFLATE output size. On completion, we
record the exact compressed length and populate the cor-
responding zswap_entry. For decompression, we target a
newly allocated page and expose it to the page table only
after successful completion. Any IAA error triggers a soft-
ware retry. If that retry fails, the existing swap-fault handling
propagates the error.

4 Evaluation

Sections 4.2 and 4.3 evaluate software-only Zswap Boost
against disabled compression and vanilla zswap under the
common setup in §4.1. We examine swap-in latency and
kernel-path overhead at the micro level, followed by end-to-
end performance for Flink and Redis. Section 4.4 separately
evaluates the complementary IAA extension, and §4.5 dis-
cusses threats to validity.

4.1 Experimental Setup

We run all controlled experiments on a virtual machine in our
public cloud. The VM matches the per-node hardware and
software of our production Flink and Redis clusters, while
avoiding cluster-level scheduling, network, and replication
effects that are orthogonal to the swap path. Zswap Boost
is a per-node kernel mechanism, and swap-in is handled
locally by the faulting core without cross-node coordination.
A single-machine experiment therefore isolates its effect,
while our production deployment provides fleet-level context
(§4.3, §5).

We evaluate Zswap Boost on a virtual machine with an
Intel Xeon Platinum 8163 processor (16 physical cores and 32
logical cores), 128 GB of memory, and a 500 GB NVMe drive.
Because the evaluated applications are memory intensive,
disk and network performance do not affect the results. The
guest VM runs CentOS 8.6 with Linux 5.10.

Benchmarks. We use Flink [26] (v1.15.4) and Redis [23]
(v7.2) as representative memory-intensive applications. In
our cloud, Flink is a key PaaS service, and Redis is a foun-
dational IaaS service. Redis is compiled with snapshotting
disabled to avoid disk I/O. We chose these two because zswap
is enabled in both our production Flink and Redis clusters.
For Flink, we drive load with nexmark [20]. A single-machine
Flink deployment is sufficient to isolate this per-node mech-
anism. For Redis, we use redis-benchmark [24] to issue 100
million requests uniformly across all keys.

Configurations. Based on inactive-memory measure-
ments from our production Flink and Redis clusters, we use
a 25% anonymous-page reclaim target for both applications
while permitting the corresponding memory overcommit-
ment. This target balances memory savings against applica-
tion performance and matches our production zswap config-
uration. It leaves enough headroom to prevent accesses to
reclaimed data from forcing additional pages to be swapped
out.

The compression ratio of the zpool is 2:1, matching the
default setting of the kernel. This indicates that the zpool
allocates one page to store two compressed pages. The zpool
does not need to be reserved at the start of VM initialization,
and it can be dynamically expanded or shrunk based on
application requirements.

Metrics. We evaluate (1) swap-in latency and kernel-
path overhead, and (2) end-to-end performance for memory-
sensitive and latency-sensitive applications. To measure swap-
in improvements, we instrument the Linux kernel to collect
per-function execution times along the swap-in path and
use its built-in statistics to analyze latency distributions. In
the application benchmarks, nexmark runs 22 test cases se-
quentially and reports total execution time, while redis-
benchmark reports requests per second (RPS) and latency.
The Flink and Redis macrobenchmarks are repeated three
times, and their average results are reported.



Baselines. To evaluate the performance loss introduced
after enabling transparent memory compression, we dis-
able zswap, without performing memory compression and
decompression, as our baseline for comparing real-world
Flink and Redis scenarios. We also compare the current
zswap implementation in the Linux kernel to determine
the improvement effects of the Zswap Boost approach. For
the software-only zswap and Boost configurations, we set
/proc/sys/vm/page-cluster=0, thereby disabling swap-
page readahead. Disk-backed swap readahead amortizes
block I/O over neighboring swap entries, whereas in-memory
compressed objects do not preserve the corresponding storage-
layout locality. Speculatively loading neighboring compressed
objects therefore adds decompression and memory pressure
without the same sequential-I/O benefit (§5.2). We do not
include a separate readahead ablation, so the software-only
results apply to this setting. Both zswap and Zswap Boost
use the zbud zpool type [28] and the LZ4 compression algo-
rithm. We use zbud for its fragmentation resistance in cloud
workloads, although the architecture supports other zpool
implementations. Sections 4.2 and 4.3 evaluate the software-
only LZ4 configurations. Section 4.4 separately evaluates the
complementary IAA offload.

4.2 Micro Benchmark

We first evaluate swap-in latency using the Flink and Re-
dis scenarios. We collect latency statistics from do_swap_
page while running nexmark and redis-benchmark. After
enabling transparent memory compression, the number of
swap-in and swap-out events increases. This increase is ex-
pected because compressed payloads occupy part of DRAM,
increasing pressure on the remaining uncompressed anony-
mous pages. Applications wait synchronously for swap-in
completion, so these operations directly affect performance.

Average latency. Figure 8 reports swap-in latency for the
Flink and Redis tests. Flink performs frequent concurrent
memory accesses, so zswap reaches 17.54 us for q0. Zswap
Boost removes swap-related data-structure lookups and lock
contention, reducing q0’s average latency to 4.22 us, a 75.94%
reduction.

Redis uses a single-threaded core processing path and
therefore experiences less lock contention. With 256-byte
values, zswap’s swap-in latency is 3.43 us for SET and 3.51 us
for GET. Zswap Boost reduces these values to 1.38 us and
1.44 ps, corresponding to decreases of 59.77% and 58.97%,
respectively.

Tail-latency. We use the Linux kernel’s statistical func-
tions to collect swap-in latency histograms for the workloads
above. Figure 9 shows that Zswap Boost shifts the distribu-
tions to the left, indicating lower swap-in tail latency. In
Flink, the peak of zswap occurs in the 4~8us interval with a
recorded count of 47.1 million and the peak of Zswap Boost
occurs in the 2~4pus interval with a recorded count of 46.0

Table 2. Total Execution Time of Flink

Method disabled zswap Zswap Boost

Time (s) 2401.4 2648.4 2452.6

million. We can also observe this trend in Redis. Three fac-
tors contribute to this shift. First, the kernel indexes the
corresponding zswap_entry directly through swp_entry_t
in the page table, avoiding manipulation of zswap_trees
and lock contention on the red-black tree. Second, the type
field marks a page as managed by Zswap Boost, allowing the
free-slot lookup to be skipped. Third, Zswap Boost skips the
swap-cache lookup. Together, these operations account for
much of the swap-in execution cost.

Kernel mode. We again use perf-record(1) to collect
kernel-mode function samples. Figure 10 shows the results.
Figure 10 reports inclusive call-path sample shares for se-
lected call paths. The page-fault entry share decreases from
54.3% with zswap to 19.0% with Zswap Boost, while the do_
swap_page share decreases from 49.5% to 14.3%. The LZ4
decompression share remains about 8.2%. Their reduction
shows that Zswap Boost removes substantial bookkeeping
from the swap-in path. The reduced kernel overhead frees
processor resources for other tasks.

4.3 Macro Benchmark

Memory-sensitive. Nexmark runs 22 Flink test cases se-
quentially and reports both per-case and aggregate execution
times. Table 2 and Figure 11 show these results. Each bar in
Figure 11 reports the arithmetic mean of three runs.

With memory compression disabled, the total execution
time across all tests is 2401.4 s. It increases to 2648.4 s with
zswap and 2452.6 s with Zswap Boost, corresponding to in-
creases of 10.29% and 2.13% relative to the no-compression
baseline. Zswap Boost reduces execution time by 7.39% com-
pared with zswap.

In our evaluation environment, we try to reclaim 25% of
memory space and use the zbud type by default. Zswap Boost
achieves 12.5% memory savings compared to no compression,
matching its efficiency while reducing overhead. This 12.5%
result represents gross capacity-equivalent headroom under
our evaluation configuration. It does not imply a linear 12.5%
increase in jobs or throughput, which also depends on each
workload’s CPU demand, memory footprint, and service-
level objective (SLO) constraints.

Across test cases, the execution-time change relative to
disabled compression ranges from —4.33% to 145.44% with
zswap and from —1.82% to 17.91% with Zswap Boost.

Among individual test cases, q10 shows the largest slow-
down with both zswap and Zswap Boost. Flink generates
substantial page-cache data during q10, leaving less mem-
ory available to applications and causing more frequent



Execution Time of do_swap_page in Flink

@ zswap @ boost

19.
17.5 158 i 18.2

13.1 137

8.5
82 74 6.6

Execution Time (us)

78 8.7

199 19.1
17.7 175

11.8 12.4
10.0 9.2 9.9 g3

q0 g1 g2 g3 g4 g5 q7 g8 q9 ql10 gi11 g12 g13 g14 g15 g16 g17 q18 q19 g20 g21 g22
Test Cases
Execution Time of do_swap_page in Redis @ zswap @ boost
? 4.85
=2 4.18
o) 3.88
IS 3.43 3.51
E 3.12
]
= 1.54 1.38 1.51 1.71 1.44 1.48
)
x
1]

64 256 1024
Value Size (Set Test)

64 256 1024
Value Size (Get Test)

Figure 8. Swap-in latency measured in do_swap_page while running Nexmark and redis-benchmark.

Latency Distribution in Flink

46006523 os— 47123018
= 4x107
f=
3
O 2x10"

T T T T T T T T
0-1us 1-2us 2-4us 4-8us  8-16us 16-64us >=64us
Latency Distribution
Latency Distribution in Redis (get, value=256)
208371
251054 L ok 206365 -0- zswap
= boost

T T T T T T < T © T
0-lus  1-2us  2-4us 4-8us 8-16us 16-64us >=64us
Latency Distribution

Figure 9. Event-level swap-in latency histograms for Flink
and Redis. Each observation represents one swap-in event.

exc_page_fault (19.04%) |
handle_mm_fault (15.09%) )
do_swap_page (14.26%) )
zswap_boost_load (9.13%)
1z4_decompress_crypto (8.15%))
zswap_boost_alloc_page (2.26%.

Figure 10. Inclusive call-path sample shares for Flink swap-
in with Zswap Boost on Linux 5.10.

anonymous-page reclaim. The resulting swap-in and swap-
out operations increase q10’s execution time.

Overall, Zswap Boost reduces the performance overhead
of memory compression. The magnitude of the improvement
varies across the Flink test cases.

Latency-sensitive. We use redis-benchmark to evalu-
ate the common SET and GET operations at several value
sizes. Throughput decreases as the value size grows because
each request accesses more data. Figure 12 reports Redis
throughput in RPS. We discuss the 64- and 1024-byte results
because the 256-byte results show the same trend. The per-
formance drop is small at 64 bytes but noticeably larger for
zswap at 1024 bytes.

At 64 bytes, the disabled configuration achieves 234,956
SET RPS and 252,806 GET RPS. Zswap achieves 227,365
and 243,551 RPS, while Zswap Boost achieves 228,227 and
249,650 RPS. The corresponding improvements over zswap
are 0.38% and 2.5%. At 1024 bytes, the disabled configura-
tion achieves 193,798 SET RPS and 211,282 GET RPS. Zswap
achieves 160,289 and 192,089 RPS, while Zswap Boost reaches
182,268 and 200,674 RPS. Zswap Boost therefore improves
throughput over zswap by 13.7% for SET and 4.5% for GET.
Its throughput remains about 5% below the disabled config-
uration.

Latency is a key SLO metric for Redis. We use redis-
benchmark to measure the effect of memory compression
and the benefit of Zswap Boost. Figure 12 reports average,
P50, and P99 latency. Because P99 is most important to our
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Figure 12. Redis SET/GET throughput (left) and average, P50, and P99 latency (right) across the tested value sizes.

service, we focus on it below. The average and P50 results
show the same trends.

Figure 12 shows that the P99 differences between zswap
and Zswap Boost are small for 64- and 256-byte values. At
1024 bytes, Zswap Boost reduces P99 latency relative to
zswap by 18.47% for SET and 7.40% for GET.

In summary, the evaluations above (i.e., Redis) show that
deploying memory compression features can save more mem-
ory space in latency-sensitive cloud applications such as
key-value stores, databases, and web services.

4.4 IAA Hardware Offloading

We further evaluate the Zswap Boost + IAA prototype (§3.6)
on a 4th-gen Intel Xeon Scalable (Sapphire Rapids, 2 IAA
devices/socket) using our Linux 5.10 branch. Linux 6.13 is
used only for the Intel upstream zswap-IAA comparator.
The methodology follows §4.1’s 25% reclaim setting, but
Boost+IAA stores each compressed payload in a variable-
sized buffer rather than a zbud-backed zpool, allowing DE-
FLATE compression ratios beyond zbud’s 2:1 packing limit.

This configuration sets page-cluster=3, enabling an adap-
tive local prefetch window of up to eight pages to increase
the TAA decompression batch.

Swap-in latency. Figure 13(a) shows the swap-in latency
progression. Adding IAA to Zswap Boost further reduces
latency from 4.3 us to 1.8 us, a 58% reduction over Boost
alone. IAA decompression overlaps with memory-cgroup
charging, LRU insertion, and reverse-mapping preparation.
The destination PTE is installed only after decompression
completes.

Compression throughput. Figure 13(b) shows that IAA’s
DEFLATE achieves 12.4 GB/s, a 5.9X improvement over soft-
ware LZ4 (2.1 GB/s). During pressure spikes, compression is
no longer the reclaim bottleneck.

Compression ratio. On our workloads, DEFLATE aver-
ages 2.4:1 versus LZ4’s 2.0:1. The corresponding memory
saving is measured end-to-end rather than derived from the
average ratio. In the Boost+IAA configuration it rises from
12.5% to 15.2% (Table 3).
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Batch amortization. Figure 14(a) shows per-page latency
versus batch size. At batch 1, IAA (5.8 ps) exceeds LZ4 (2.5 ps).
At batch >4, IAA becomes faster than LZ4. At batch 16, it
reaches 1.2 us/page. This result informs our hybrid strat-
egy. Software LZ4 handles demand-fault single-page decom-
pression, while IAA handles swap-out batches and prefetch-
triggered operations.

Comparison with Intel zswap-IAA. Mainline Linux
has included an Intel IAA compression driver through the
crypto_acomp interface since v6.8 [31]. Sabre uses Intel IAA
in host user space to compress and restore serverless mi-
croVM snapshots [14]. Recent work also analyzes hardware-
accelerated compressed-memory swap across system con-
figurations [25]. Figure 14(b) uses the same hardware but
compares Zswap Boost + IAA on Linux 5.10 with Intel’s ap-
proach on Linux 6.13. It is therefore a cross-kernel compari-
son. Zswap Boost + IAA is faster in all reported scenarios.
The gap is largest in async swap-in (1.8 vs. 3.1 us, —42%).

Table 3. End-to-end impact of IAA on Flink and Redis. Redis
uses 256-byte values.

Metric Disabled Zswap Boost +IAA
Flink time (s) 2401.4 2648.4 2452.6 2421.8
Overhead — +10.3%  +2.1% +0.8%
Mem. saved 0% 12.5% 12.5% 15.2%
Redis P99 get 1.99ms  2.11ms 2.05ms 1.99ms
Redis P99 set 2.12ms 235ms 234ms 2.15ms

Relative to the Linux 5.10 zswap baseline, Zswap Boost elim-
inates red-black-tree lookup and bypasses swap-slot alloca-
tion and swap-cache indexing. Linux 6.13 replaces the red-
black tree with an XArray but retains swap-management
overhead. This cross-kernel result is consistent with bene-
fits from reduced swap-management overhead, but does not
isolate those benefits from kernel-version and configuration
differences. Software streamlining and hardware accelera-
tion are complementary.



Macrobenchmark. Table 3 shows end-to-end results.
With IAA, Flink overhead drops to +0.8% (from +2.1% Boost,
+10.3% vanilla) while savings rise from 12.5% to 15.2%. Redis
GET P99 matches the no-compression baseline, and SET P99
is within 1.4%. The results provide three insights. Hardware
offload benefits from software-path streamlining. Batch size
is the primary lever for IAA efficiency. DEFLATE’s higher
ratio provides an additional 2.7 percentage points of savings
that compound across fleets.

4.5 Threats to Validity

We highlight three threats and how we mitigate them. Single-
node measurement. Our controlled experiments use one
VM rather than a full cluster. This is intentional. Zswap
Boost is a per-node kernel mechanism on the synchronous
swap-in path, so cluster-level factors (scheduling, network-
ing, and replication) would add noise without exercising the
path we optimize. We mitigate the external-validity gap by
configuring the VM identically to production nodes and by
corroborating the results with nearly two years of fleet de-
ployment (§5). Workload coverage. We focus on Flink and
Redis because they are the workloads for which we have pro-
duction zswap experience. Nexmark’s 22 queries and Redis
SET/GET operations across value sizes span memory-bound
batch and latency-bound serving regimes. The mechanism
targets the kernel swap path rather than application logic.
Configuration sensitivity. Results depend on the reclaim
ratio (25%), zpool type (zbud), and compressor (LZ4). We
use the same settings as production to keep the compari-
son representative. Section 5 discusses how swappiness and
reclaim aggressiveness shift the trade-off.

5 Discussion

We discuss Zswap Boost’s deployment experience, limita-
tions, and future work.

5.1 Deployment Experiences

We have also accumulated practical experience in deploying
transparent memory compression features on our production
systems. Although the page-age, zero-page, and compression-
ratio observations below are not a controlled before-and-
after comparison between vanilla zswap and Zswap Boost,
they characterize the workloads and the overall production
cold-page pipeline that informed our deployment choices.
Based on data sampling for Flink, we have the following
findings.

(1) In all anonymous pages of the Flink application, about
19% of the anonymous pages have not been accessed for
more than 12 hours, and about 15% have not been accessed
for over 24 hours. Java off-heap memory of Flink is usually
accessed less frequently.

(2) Within the anonymous pages of Flink that have not
been accessed for over 12 hours, there are a significant num-
ber of all-zero anonymous pages, accounting for about 4% of
all anonymous pages, while the all-zero anonymous pages
not accessed for over 24 hours account for about 3.5%.

(3) The data compression ratio for both Flink and Redis is
around 50% using LZ4.

In our largest Flink cluster, cold-page compression re-
claimed about 30 TB and lowered the memory watermark by
6.5%. The page-selection policy and resulting capacity bene-
fit are independent of the compression backend, so the same
policy applies to vanilla zswap and Zswap Boost. Together
with zero-page reclamation, the overall pipeline allowed 130
physical machines (13.75%) to be taken offline while main-
taining the 75% safety watermark.

In production, idlemd coordinates kidled page-age scan-
ning and coldpgs reclamation. We replace all-zero pages
that have been idle for more than 6 hours with the kernel
ZERO_PAGE, and compress non-zero anonymous pages that
have been idle for more than 24 hours. We consolidate work-
loads only while node memory utilization remains below the
75% safety watermark, and stop or roll back reclamation if
workload SLAs deteriorate.

Operators derive a workload-specific reclaim budget from
the measured cold-page volume and configure idlemd per
cgroup. Because swap-in is synchronous and Zswap Boost
has no disk fallback, reclaiming beyond the cold working
set can increase tail latency and ultimately cause OOM. We
therefore roll out Zswap Boost per node, monitor memory
pressure and workload SLOs, and stop reclamation or roll
back the node when the configured thresholds are exceeded.

5.2 Limitations

The current tiered memory solutions, including Zswap Boost,
still have some limitations. Because swap-in remains syn-
chronous, Zswap Boost cannot eliminate all overhead for
latency-sensitive workloads. Under the evaluated 25% re-
claim configuration, Redis throughput remains approximately
5% below the no-compression baseline even with Zswap
Boost. There are several common issues that tiered memory
solutions need to solve.

Our measurements characterize the Linux 5.10 implemen-
tation used in our internal systems. Upstream Linux later
removed zswap’s frontswap attachment in Linux 6.5 and
replaced the red-black tree with a per-type XArray and read-
copy-update (RCU)-protected lookup in Linux 6.8. These
changes remove the tree component but not all swap-slot
and swap-cache bookkeeping.

The Linux kernel’s transparent memory-compression fea-
ture requires a configured swapfile even though compressed
pages are not written to it. In future work, we can remove
this dependency from Zswap Boost, simplifying activation
in production.



The swappiness parameter controls the balance between
reclaiming anonymous pages and page-cache pages. Because
zswap and Zswap Boost operate on anonymous pages, set-
ting swappiness=0 largely removes their memory-saving
benefit. Increasing it can expose more pages to compres-
sion, but reclaiming beyond the cold working set increases
synchronous swap-ins and may degrade tail latency. Oper-
ators should therefore tune swappiness together with the
workload-specific reclaim budget and idle-age thresholds.

5.3 Future Work

Remote Memory. As a component of tiered-memory sys-
tems, zswap can be combined with memory-pooling solu-
tions such as CXL [4]. Currently, zswap stores compressed
pages only in local memory. Future CXL or RDMA inter-
connects could store compressed pages on remote nodes,
improving memory utilization in cloud systems.

Prefetching. The current software-only Zswap Boost
path has no specialized optimization for loading compressed
pages during swap-in. Traditional disk-backed swapping per-
forms readahead to exploit locality among neighboring swap
entries and amortize storage I/0. Compressed objects are
already in memory and do not preserve the same storage-
layout locality, while application access patterns are difficult
to predict. Directly adopting disk-oriented readahead can
therefore introduce unnecessary decompression and mem-
ory pressure, so we disable it in the software-only evalua-
tion. IAA changes this trade-off because its fixed submis-
sion cost benefits from additional concurrent requests. The
IAA prototype therefore uses page-cluster=3 to permit an
adaptive local prefetch window of up to eight pages. This is
a device-amortization mechanism rather than a workload-
aware prediction policy. In future work, techniques such
as Profile-Guided Optimization (PGO) could identify when
neighboring compressed pages are likely to be accessed and
provide more selective swap-in prefetching.

Hardware Offloading. We have implemented and eval-
uated an Intel IAA integration for Zswap Boost (§3.6, §4.4).
The results show that software streamlining and hardware
acceleration are complementary. By shortening the soft-
ware path, Zswap Boost allows IAA to handle the remaining
compression work more effectively. Open questions remain
around per-access-pattern algorithm selection (LZ4 for la-
tency vs. DEFLATE for ratio) and sliding-window prefetch
strategies, which we plan to address in follow-up work tar-
geting upstream adoption.

6 Conclusion

Transparent memory compression provides a software-only
way to improve memory utilization in the cloud, but Linux
zswap retains substantial disk-oriented bookkeeping on its
critical path. We find that approximately 40% of sampled
swap-in CPU cycles are spent on this bookkeeping. Zswap

Boost addresses the overhead by encoding compressed-page
locations in PTEs, reducing the lookup path, and removing
rbtree, swap-slot, and swap-cache operations. Intel IAA hard-
ware offload further reduces the evaluated overhead to 0.8%
while providing 15.2% memory savings. Zswap Boost has
run in production for nearly two years. These results show
that removing disk-oriented bookkeeping can make trans-
parent memory compression practical for latency-sensitive
cloud workloads. Our deployment experience also highlights
that workload selection, bounded reclamation, and sufficient
memory headroom remain essential for safe operation.
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