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ABSTRACT

Cache replacement is central to data system performance, yet meta-
data caches exhibit access patterns that differ substantially from
data caches. In particular, metadata blocks often exhibit dense bursts
of correlated references (e.g., multiple lookups that touch tuples
that co-reside on the same metadata page). Treating such bursts
as repeated independent hits can misclassify cold metadata as hot,
polluting the cache and degrading hit ratio. We present Clock2Q+, a
cache eviction algorithm deployed in the metadata cache of VMware
VvSAN, a production-grade distributed storage system. Clock2Q+ is
the latest stage of nearly a decade of iterative evolution of vSAN’s
caching layer, shaped by real-world deployment, customer-driven
feature requests, and an emphasis on simplicity as a first-class
requirement for long-term maintainability. Clock2Q+ has a three-
queue structure similar to S3-FIFO, and introduces a correlation
window at the head of the Small FIFO in which accesses do not
set the reference bit, preventing short-term correlated bursts from
triggering premature promotion; accesses beyond this window set
the bit so genuinely hot blocks are promoted efficiently. Clock2Q+
achieves the highest median and mean miss-ratio improvement
among the state-of-the-art policies we evaluate on both metadata
and data workloads, with the largest per-trace gap over S3-FIFO
reaching a 28.5% relative miss-ratio reduction on metadata traces.
To support production deployment, Clock2Q+ is engineered for low
per-hit overhead and multi-core scalability, with allocation-free,
array-based structures, fine-grained synchronization, dirty-page-
aware eviction and promotion, bounded per-eviction work, and
online cache resizing.
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1 INTRODUCTION

Storage systems span multiple performance tiers, from CPU caches
and DRAM to persistent media such as SSDs and HDDs. Caches
bridge these tiers by keeping a working set in fast memory and
avoiding device I/O. This paper focuses on block caches (also called
page caches, buffer caches, or buffer pools): memory-resident caches
that manage fixed-size blocks (e.g., 4KB pages). In a block cache, the
fast tier is DRAM and the slow tier is one or more storage devices.
Operational context. This work is implemented in a deployed
storage system, Broadcom’s VMware vSAN. vSAN maintains sepa-
rate caches for data and metadata. It includes a small data cache at
the Client layer and multiple large metadata caches at its distributed
metadata and local file system layers [49, 50]. In this setting, the
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metadata cache is on a particularly hot path: metadata lookups
mediate common operations that locate, validate, and coordinate
access to data. As a result, the eviction policy runs at very high
frequency, under high concurrency, and often in regimes where hit
ratios are already high. Small per-hit overheads, scalability bottle-
necks, or rare corner-case behaviors can therefore translate directly
into throughput loss, tail-latency regressions, and operational in-
stability. For a deployed system, an eviction policy must be judged
not only by miss ratio, but also by whether it can be implemented
and operated safely: predictable CPU cost, robust multi-threaded
behavior, and compatibility with practical constraints such as dirty
blocks and online resizing.

A central challenge is the design of the cache eviction algorithm,
which decides which blocks remain in the cache and which are
evicted when space is needed. An effective policy for production
storage systems should aim to achieve:

High hit ratio across diverse workloads, avoiding pathological
behaviors that sharply degrade hit ratio.

Low CPU overhead on cache hits, so the cache does not become
the bottleneck when hit ratios are high (often close to 100%).
Scalability to multiple CPUs, enabling high throughput on modern
multi-core systems.

Minimal tuning, with few configuration parameters and robust
performance over a wide range of workloads.

Ease of implementation and debugging, which is critical for relia-
bility and maintainability in production deployments.

Block caches typically store heterogeneous content that strongly
influences access patterns: (1) Data cache: stores user payload (e.g.,
file or block data); and (2) Metadata cache: stores system metadata
used to locate and manage data (e.g., B* tree blocks).

Many systems separate these caches. For example, Linux uses
a buffer cache for block-device metadata and a page cache for
file data. [8]. vSAN, a distributed block storage system, similarly
includes both metadata and data caches: it features a small data
cache at the Client layer and multiple large metadata caches at its
distributed metadata and local file system layers [49, 50]. In such
systems, metadata caches are often on an even hotter path than data
caches: metadata is consulted to find data, enforce consistency, and
coordinate distributed operations. This makes metadata eviction
policy especially consequential.

This paper identifies a key metadata-cache access pattern that
complicates eviction: correlated references. In metadata caches, it is
common for a block to be referenced many times within a short
interval and then remain unused for a long period. Such bursts
often arise when a single higher-level operation (e.g., traversing or
updating an index) touches multiple items that reside in the same
metadata page. From the standpoint of eviction, a burst of correlated
references conveys limited evidence of long-term popularity: once
the operation completes, the block may not be accessed again for a
long time. An eviction policy that treats each access in the burst as
an independent “vote” for hotness can misclassify a cold metadata
block as hot, retain it far beyond the burst, and displace truly hot
blocks—reducing overall hit ratio. This behavior contrasts with
many data-cache workloads, where cold blocks are often one-hit
wonders and are naturally filtered by policies designed to suppress
single-reference items.
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Most existing policies do not explicitly account for correlated
references. Consider S3-FIFO [60], which uses a Small FIFO to filter
unpopular blocks: blocks that receive no hits while in the Small
FIFO are evicted early. Under correlated references, however, a cold
metadata block can receive multiple hits while still near the head
of the Small FIFO, be misclassified as hot, and be promoted to the
Main Clock—even though it may receive no further requests after
the correlation window ends. In a production metadata cache, this
systematic misclassification is particularly harmful: it accumulates
across many operations, increases cache pollution, and can create
sustained miss-ratio regressions.

In this paper, we present Clock2Q+, a cache eviction algorithm
designed for metadata caches and implemented in vSAN. Clock2Q+
combines key ideas from Clock2Q (§3.2, previous design in vSAN)
and S3-FIFO [60] while addressing their weaknesses for metadata
workloads. The core change is simple: Clock2Q+ conceptually par-
titions the Small FIFO into two “virtual” segments and introduces a
correlation window at the head of the queue in which hits do not set
the reference bit. This prevents short-lived correlated bursts from
triggering premature promotion. Once a block moves beyond this
window, subsequent hits set the reference bit as usual, allowing gen-
uinely hot blocks to be promoted efficiently. Compared to Clock2Q,
this design reduces misses when hot blocks first enter the cache;
compared to S3-FIFO, it reduces misses caused by correlated refer-
ences. Across 106 production traces from CloudPhysics, Clock2Q+
achieves the highest median and mean miss-ratio improvement
among the evaluated state-of-the-art policies on both metadata
and data workloads, with the largest per-trace gap over S3-FIFO
reaching a 28.5% relative miss-ratio reduction on metadata.

Because Clock2Q+ is deployed, the design and implementation
also incorporate production constraints that materially shape the
system. Clock2Q+ targets low per-hit overhead and multi-core
scalability, avoids complexity that impedes debugging, and supports
operational requirements including safe concurrent access to cache
structures, predictable bounded work per eviction (to avoid CPU
spikes), practical handling of dirty blocks, and online cache resizing.
These considerations are essential for reliability in a real data system
and are treated as first-class goals alongside miss ratio.

This paper makes the following contributions:

Identifies correlated references as a common and performance-
critical access pattern in metadata caches, and explains why this
pattern defeats common “one-hit-wonder filtering” heuristics.
Proposes a simple method to convert data traces into metadata
traces, enabling broader evaluation of metadata-cache policies
when native metadata traces are unavailable.

Describes Clock2Q+, a scalable, low-overhead cache eviction al-
gorithm implemented in vSAN, including key production consid-
erations such as concurrency, resizing, and dirty-block handling.
Shares design lessons from nearly a decade of evolving vSAN’s
cache layer, including why simplicity is a first-class production
requirement.

2 METADATA CACHES AND CORRELATED
REFERENCES

This section explains why metadata caches behave differently from
data caches in deployed storage systems, and introduces correlated



references—a prevalent access pattern that can mislead common
eviction heuristics. We also describe a practical method to derive
metadata traces from widely available data traces, enabling trace-
driven evaluation when native metadata traces are unavailable.

2.1 Data Cache vs. Metadata Cache

A data cache is the most common form of block cache: it stores
the actual payload blocks served to the upper layer (e.g., file data
or virtual disk blocks). Most existing cache designs and eviction
algorithms implicitly target this setting, where cold data is fre-
quently accessed once (“one-hit wonders”), and temporal locality is
primarily driven by repeated requests to the same payload blocks.

In addition to data caches, many deployed systems maintain a
metadata cache (often called an index cache) that stores blocks be-
longing to internal metadata structures used to locate, validate, and
manage data. A common example is an ordered key-value struc-
ture (e.g., B* tree) used to map a Logical Block Number (LBN) to a
Physical Block Number (PBN) or to map logical extents to physical
extents. This design appears across many production systems. For
example, Linux XFS and Btrfs use B* tree-like structures [37, 38, 51];
Unix FFS and Linux ext2/ext3 use direct/indirect block maps similar
to page tables; and Linux ext4 uses an extent tree [35]. Independent
of the exact structure, these designs share a key property: metadata
is organized into fixed-size blocks/pages, and each block aggregates
many smaller entities (e.g., key-value tuples, extent descriptors,
bitmap bits, or inodes). Since the full metadata structure is often
much larger than DRAM, the metadata cache typically holds only a
small fraction of metadata blocks, making eviction decisions critical.

Operationally, metadata caching is often more performance-
sensitive than data caching. Metadata blocks are touched as part of
many common operations (lookups, writes, allocation, recovery),
and metadata accesses are generated internally by the system rather
than directly requested by applications. This makes metadata traces
harder to obtain and makes metadata eviction policy errors more
likely to persist unnoticed until they manifest as higher miss ratios,
higher device I/O, or tail-latency regressions.

2.2 Correlated References

Storage stacks frequently consist of multiple layers. Consider a
two-layer setting in which an upper file system (e.g., ext4) sits on
top of a lower storage system that implements its own metadata
structures. Within the lower system, there may be both a data
cache and a metadata cache. The data cache in the lower layer often
exhibits weaker temporal locality because the upper layer already
filters repeated payload accesses via its own cache [20, 55, 56].
However, the metadata cache can still experience frequent short-
term re-references to the same metadata blocks, even when the
corresponding data accesses show little or no re-reference.

We call this phenomenon correlated references: a metadata block
receives multiple references within a short interval because mul-
tiple distinct higher-level accesses happen to touch entities that
co-reside in the same metadata block. Importantly, such bursts do
not necessarily indicate long-term popularity. After the burst ends,
the metadata block may not be referenced again for a long time,
and treating the burst as repeated independent evidence of hotness
can lead to cache pollution.

3876

m4 m6
L1 - P10 L107 - P30 L720 - P50
L5 - P20 L128 - P40 L734 - P60

Figure 1: Example B* tree for mapping LBN to PBN. Lookup
LBN 5 will read metadata blocks m1, m2, m4 and find that LBN
5 is mapped to PBN 20.

We illustrate correlated references using a B* tree that maps
LBN to PBN. Figure 1 shows metadata blocks with addresses m1,
m2, etc., and data blocks with LBN L1, L2, etc.

Suppose a data trace accesses four LBNs in the following or-
der: 1, 5, 107, and 720. The corresponding metadata accesses (as-
suming the relevant pages are not already cached) are: m1, m2, m4
for LBN 1; m1, m2, m4 for LBN 5; m1, m2, m5 for LBN 107; and
m1,m3,m6 for LBN 720. Thus the metadata block sequence is:
ml, m2, m4, ml, m2, m4, m1, m2, m5, m1, m3, m6.

The internal (non-leaf) blocks (m1, m2, m3) are accessed fre-
quently across many lookups. Any reasonable eviction algorithm
will retain these blocks, and in many implementations, they are
effectively pinned or have extremely high reuse. Therefore, when
analyzing metadata-cache behavior relevant to eviction decisions,
we focus on leaf blocks, which typically account for 99% or more of
B* tree blocks. Excluding non-leaf blocks, the leaf access sequence
becomes: m4, m4, m5, mé6. Even though the upper-layer accesses are
all distinct, the leaf page m4 appears multiple times because LBN
1 and LBN 5 fall into the same leaf—a correlated reference burst
driven by structural locality, not by long-term hotness.

While we use B* tree as a concrete example, correlated references
arise broadly across metadata designs. Metadata blocks aggregate
many smaller entities (tuples, extent records, bitmap entries, inodes),
so accesses to distinct entities often map to the same metadata block.
As a result, even if the upper layer visits each entity only once, the
underlying metadata block can receive multiple references in a
short window. We therefore argue that correlated references are an
inherent trait of metadata caching in many deployed systems.

2.3 Metadata Cache in vSAN

VMware vSAN provides a primary example where the metadata
cache exhibits correlated references, as it uses multiple B* tree in its
metadata path. vSAN is a block storage system that manages virtual
disks for Virtual Machines (VMs) running on the ESXi hypervisor.
Each virtual disk is addressed by Logical Block Addresses (LBAs)
with a 4KiB block size. In the top layer, vSAN uses a metadata
cache to translate LBAs to Physical Block Addresses (PBAs) [53, 54].
Specifically, an LBA is first translated to a Middle Block Address
(MBA) using a Logical Tree, and subsequently, the MBA is translated
to a PBA using a Middle Tree. The architectural decision to utilize
two distinct trees, rather than a direct LBA-to-PBA mapping, is
driven by the need for storage virtualization and indirection:

o Log-structured updates. vSAN uses a log-structured file system
where data is frequently relocated for garbage collection. The
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Figure 2: Re-reference event distribution for CloudPhysics
w102 and w47 across varying window sizes. While data traces
are dominated by one-hit wonders, metadata traces exhibit
nearly zero single-access events. Instead, metadata blocks
show dense, multiple re-references, reflecting the structural
locality inherent in the vSAN two-tree lookup process.

MBA acts as a stable identifier; when data moves physically, only
the MBA-to-PBA entry in the Middle Tree requires an update,
leaving the higher-level LBA-to-MBA mappings in the Logical
Tree untouched.

Snapshot support. Copy-on-Write B* tree in the Logical Tree en-
ables high-performance snapshots. Multiple Logical Trees can
reference the same MBAs, allowing instantaneous snapshot op-
erations without redundant metadata overhead.

These two B+ trees dominate the metadata cache in this layer. Be-
cause each leaf page contains hundreds of mapping tuples, accesses
to different LBAs can repeatedly hit the same leaf pages, producing
high short-term re-reference counts that are not reflected in the
LBA stream itself. Policies that do not account for these correlated
references can therefore over-promote these leaf pages and reduce
overall cache effectiveness.

We characterized the B* tree access pattern in vSAN by replay-
ing production block traces in vSAN !. We used two representative
data traces from the CloudPhysics dataset [47], which comprises
high-fidelity VM block request traces. By replaying these LBA-level
requests, we can observe the resulting metadata traversals through
the Logical and Middle trees. Figure 2 reports the distribution of
re-reference events for these workloads observed at the data and
metadata layers under varying correlation window sizes. We ob-
serve data traces show a strong one-hit-wonder component (often
exceeding 80% in small windows), whereas metadata traces ex-
hibit effectively zero single-access events; every accessed metadata
block is re-referenced at least once. As the correlation window
increases, multiple re-references dominate, reflecting structural
locality during metadata traversal (e.g., repeated hits to the same

!Because vSAN is deployed in private customer data centers, we are not able to directly
collect traces or telemetry due to privacy reasons.
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Figure 3: Illustration of 2Q eviction algorithm.

leaf page as different tuples are accessed). This result motivates a
different design goal for metadata caches: rather than primarily
filtering one-hit wonders, a metadata-cache policy must tolerate
dense short-term re-references without incorrectly treating them
as evidence of long-term hotness.

2.4 Deriving Metadata Traces

Trace-driven simulation is a standard approach for evaluating cache
eviction algorithms, but evaluating metadata caches faces a practical
obstacle: most publicly available traces are data traces. Data traces
are straightforward to capture because they record external I/O
requests entering a storage system. Metadata traces, in contrast,
require instrumenting internal metadata accesses within the storage
stack. This instrumentation is intrusive, and the resulting traces
are typically much larger because a single data request can trigger
multiple metadata reads (e.g., several page touches during an index
traversal).

To expand evaluation coverage, we derive an approximate meta-
data trace from any data trace using a simple mapping. Using Fig-
ure 1 as an example, assume each BT tree leaf page stores FanOut
LBN-to-PBN tuples (e.g., FanOut = 100). Then LBNs 0-to FanOut—1
reside in leaf page 0, LBNs FanOut to 2 X FanOut — 1 reside in leaf
page 1, and so on. We convert each LBN request into a leaf-page
identifier: LeaflD = |_ F;fgu tJ For instance, the data requests 1, 5,
107, and 720 map to the metadata sequence 0, 0, 1, and 7. This
mapping captures the essential source of correlated references: dif-
ferent LBNs can fall into the same leaf page, producing short-term
re-references even when the data stream itself contains no repeats.

Our derivation is intentionally lightweight. It requires only an
estimate of FanOut, obtainable from the metadata page size and
tuple format (or chosen conservatively to reflect typical leaf ca-
pacities). While it does not model all implementation details (e.g.,
splits/merges, key skew, or caching of internal nodes), it is sufficient
to exercise eviction policies under the bursty re-reference behavior
that dominates metadata leaf access patterns. In our evaluation, we
use these derived metadata traces to complement native metadata
traces when available, enabling systematic comparison across a
broader set of workloads (we empirically validate the high fidelity
of this derivation method in subsection 5.2).

3 CLOCK2Q+ DESIGN
3.1 20

2Q [26] divides the cache into three logical components: a Main
LRU occupying 75% of the cache, a Small FIFO occupying 25%
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Figure 4: Illustration of Clock2Q eviction algorithm.

of the cache, and a Ghost FIFO that stores metadata-only entries
(block identifiers) with capacity % of the cache (Figure 3). The ghost
structure consumes little memory because it does not store data
contents.

On a miss, if the requested block identifier is not in the Ghost,
the block is inserted at the head of the Small FIFO. If the Small FIFO
is full, its tail block is evicted and its identifier is appended to the
Ghost; if the Ghost is also full, its tail identifier is dropped.

If a miss finds the block identifier in the Ghost FIFO, 2Q interprets
this as evidence that the block was prematurely evicted from the
Small FIFO and is therefore likely hot. The block is admitted directly
into the Main LRU (and may trigger an LRU eviction from the tail).
On a hit, blocks in the Main LRU are promoted in standard LRU
fashion; hits in the Small FIFO do not change position.

Conceptually, the Small FIFO acts as an admission filter: corre-
lated or short-lived bursts tend to occur while blocks remain in the
Small FIFO and thus do not immediately displace long-term hot
blocks in the Main LRU. However, 2Q has three practical drawbacks
in modern deployed systems:

e High LRU overhead. Maintaining a fully ordered LRU list imposes
non-trivial CPU and memory overhead and complicates scalable
concurrent implementations.

Oversized Small FIFO. Allocating 25% of the cache to the Small
FIFO was reasonable when caches were small. In today’s systems,
multi-GB caches make this fraction disproportionately large,
often far exceeding what is needed to absorb short correlation
bursts. A smaller admission segment can increase effective main
capacity and reduce misses.

Unnecessary misses for hot blocks. A block can enter the main
segment only after first being evicted from Small FIFO into Ghost
FIFO and then being referenced again. This forces an extra miss
for blocks that are actually hot, which becomes noticeable when
overall miss ratios are low.

3.2 Clock2Q

Clock2Q is the eviction policy previously used in vSAN. As shown in
Figure 4, Clock2Q addresses the first limitation of 2Q by replacing
the Main LRU with a Main Clock [49]. This reduces per-access
overhead by approximating LRU using a circular list and a reference
bit, and it enables a more scalable implementation. Clock2Q has
been used in vSAN OSA and earlier versions of VDFS and vSAN
ESA [49, 50]. However, Clock2Q retains the other two limitations
of 2Q: the Small FIFO remains relatively large, and hot blocks still
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Figure 5: Illustration of S3-FIFO eviction algorithm.

suffer an unnecessary miss because promotion to the main segment
relies on a ghost-mediated re-reference.

3.3 S3-FIFO

S3-FIFO [60] is a recent state-of-the-art policy that is structurally
similar to Clock2Q but modifies admission and sizing (Figure 5). It
reduces the Small FIFO from 25% to 10% of the cache, increases the
Main Clock from 75% to 90%, and enlarges the Ghost FIFO from
50% to 100% of the cache. Most importantly, S3-FIFO introduces a
Ref bit for entries in the Small FIFO.

The Ref bit addresses the extra miss incurred by 2Q and Clock2Q.
When a block in the Small FIFO is referenced again, S3-FIFO sets its
Ref bit. Later, when that block reaches the tail of the Small FIFO and
is selected for eviction, the policy interprets Ref=1 as evidence of
popularity and promotes the block directly into the Main Clock rather
than evicting it to the Ghost FIFO. The Ghost FIFO still serves its
original role: remembering recently evicted blocks that might be
re-referenced later.

S3-FIFO thus resolves the three issues described for 2Q. How-
ever, for metadata caches it introduces a new failure mode: it can
over-promote blocks that experience correlated references. A cold
metadata block may be referenced multiple times within a short
correlation burst while still near the head of the Small FIFO; this
sets Ref=1, causing the block to be promoted into the Main Clock
despite receiving no further accesses after the burst ends. This be-
havior is often benign for data caches, where correlated references
are uncommon, but it is problematic for metadata caches where
correlated references are frequent.

3.4 Clock2Q+

Clock2Q+ builds on the Clock2Q/S3-FIFO structure while explicitly
accounting for correlated references. As shown in Figure 6, the
key change relative to S3-FIFO is the introduction of a Correlation
Window within the Small FIFO. We set the Correlation Window
to 50% of the Small FIFO, i.e., 5% of the total cache size under the
default 10% Small FIFO allocation.

When a block in the Small FIFO is hit, Clock2Q+ checks the
block’s position relative to the head of the Small FIFO:

o If the block is still within the Correlation Window (i.e., among
the most recently inserted entries), the hit does not set the Ref
bit.
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Figure 6: Illustration of Clock2Q+ eviction algorithm.

Once the block has advanced beyond the Correlation Window, a
subsequent hit does set the Ref bit, ensuring that genuinely hot
blocks can still be promoted directly to the Main Clock when
they reach the tail of the Small FIFO.

This gating preserves S3-FIFO’s direct-promotion path for gen-
uinely hot blocks while filtering out correlated-burst promotions.

Finally, Clock2Q+ reduces the Ghost FIFO size to 50% of the
cache. Our empirical results show that this smaller ghost allocation
matches the miss-ratio benefits of a 100% ghost in our workloads
while reducing metadata overhead.

4 MAKING CLOCK2Q+ PRODUCTION READY

Before Clock2Q+, Clock2Q served as the core cache eviction algo-
rithm used in vSAN and vSAN File Services for several years. The
improved Clock2Q+ algorithm has been implemented and will be
included in future releases. This section discusses the engineering
efforts required to make the cache eviction algorithm production-
ready.

4.1 Implementation

To reduce memory fragmentation and keep the hot path predictable,
Clock2Q+ performs no dynamic memory allocation after cache
initialization. The Main Clock, Small FIFO, and Ghost FIFO are each
represented as arrays carved from contiguous memory regions.
The Main Clock and Small FIFO allocate arrays of cache entries
(which store state and point to cached content), while the Ghost
FIFO allocates an array of keys only. This layout improves cache
locality, avoids allocator overheads in the hit path, and eliminates
fragmentation caused by frequent insertions and evictions.

Lookup is implemented with chained hash tables for both res-
ident entries (Main Clock and Small FIFO) and ghost entries. We
allocate an array of bucket heads (pointers) for the resident hash
table and a separate bucket array for the ghost table. Each cache
entry contains a next pointer for collision chaining. In our configu-
ration, the load factor is kept below one, so collision chains remain
short, and the per-operation work stays bounded.

4.1.1  Concurrency. Caches are accessed concurrently by many
threads, so thread safety must be efficient. Clock2Q+ uses simple
data structures—arrays, FIFO indices, and chained hash tables—
which enable fine-grained synchronization with modest overhead.
Hash table synchronization. Each hash bucket has a mutex. The
lock is held only while traversing or updating that bucket’s collision
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chain. With a low load factor (< 1), the expected chain length is
small, and our internal tests have not shown measurable contention
on these locks.

Entry-level synchronization. Cache entries in the Main Clock
and the Small FIFO each have a mutex. The lock is held briefly for
in-memory state transitions (e.g., updating status bits). When a miss
triggers I/O to fill an entry, the entry is marked as Doing I/0 and
inserted into the hash table, and then the per-entry lock is released
for the duration of the I/O. A concurrent request that finds an entry
in the Doing I/0 state waits on the entry and resumes once the
I/O completes. This prevents duplicate fills and keeps locks out of
the long-latency path.

Deadlock avoidance via a single lock order. Operations involve
both a hash-bucket lock and an entry lock. To avoid deadlocks,
Clock2Q+ enforces a single global order: entry lock first. This is
natural for insert/evict operations (lock entry, update status, then
lock bucket to insert/remove). Lookups, however, must first consult
the hash table. Clock2Q+ resolves this by releasing the bucket
lock before taking the entry lock and validating that the entry still
matches the requested key; otherwise it retries. Figure 7 shows the
lookup flow.

1 CacheGetEntry(key)

z {

3 retry:

4 LockHashBucket();

5 entry = SearchHash(key);
6 UnlockHashBucket();

7 LockEntry(entry);

8 if (entry.key != key) { // lost race
9 UnlockEntry(entry);
10 goto retry;

1 }

12 work on the entry;

13 UnlockEntry(entry);

14

15}

Figure 7: Lock ordering for cache lookup. The bucket lock
is released before taking the entry lock; a key check detects
races and triggers a retry.

Concurrent queue/clock traversal. The Small FIFO head/tail
index, the Ghost FIFO head/tail index, and the Main Clock hand
are implemented as atomic indices. Since the FIFO structures are
kept full, a single index is sufficient to represent both head and tail
positions. Multiple threads can advance these indices atomically to
find eviction candidates or to append new entries without requiring
coarse-grained locks.

4.1.2 Debugging. The retry-on-race behavior in Figure 7 is rarely
exercised in production, but correctness depends on it. To test these
low-probability interleavings deterministically, we built a race en-
forcement framework that can pause a thread at named breakpoints
and resume it under test control. Our unit tests pause a thread
between the hash lookup and the entry lock, allow a second thread



to evict and reuse the entry, and then verify that the first thread de-
tects the key mismatch and retries correctly. This approach provides
repeatable coverage of otherwise elusive races.

4.1.3 Dirty Pages. Deployed systems must handle dirty pages,
which are typically constrained by write-ahead logging (WAL):
before relevant log records are persisted, the corresponding dirty
pages cannot be written back [22]. Even when flushing is permitted,
evicting a dirty page is substantially more expensive than evicting a
clean page because it requires I/O. For these reasons, the Clock2Q+
implementation in vSAN and vSAN File Services skips dirty pages
when selecting eviction candidates. Operationally this is equivalent
to deferring eviction (i.e., treating the page as temporarily ineligible)
and continuing the scan.

Dirty pages also complicate promotion from the Small FIFO to
the Main Clock. In the ideal algorithm, a Small FIFO page with
Ref=1 at the tail should be promoted. Our implementation leaves a
dirty page in the Small FIFO even if it would otherwise be promoted.
This choice is driven by production constraints: the Main Clock
and Small FIFO are array-based, so moving an entry between them
requires copying state rather than pointer manipulation. In addi-
tion, the transaction subsystem tracks dirty pages in a dirty list for
flushing; copying dirty pages would require additional coordination
and locking around this list. The page remains in the Small FIFO
until it is revisited in a later cycle and becomes clean. This means
that if the page referenced by the head pointer of the Small FIFO,
which is the tail page, is dirty, the head pointer increments to the
next entry in the Small FIFO array without attempting to evict or
promote this dirty page. Section 5.5.1 shows that this simplification
has negligible impact on miss ratio.

Finally, workloads can transiently produce many dirty pages. In
the worst case, every entry in the Small FIFO can be dirty. A naive
implementation that scans the entire Small FIFO to find a clean
victim can loop indefinitely. Clock2Q+ avoids this failure mode by
scanning only a fixed number of entries in the Small FIFO; if all
scanned entries are dirty, it falls back to the Main Clock to find
eviction candidates.

We implement two complementary flushing mechanisms:

(1) Time-based flushing: dirty pages older than a configured
threshold are flushed.

(2) Proportion-based flushing: the cache maintains low/high
watermarks for the fraction of dirty pages. When the fraction ex-
ceeds the high watermark, pages are flushed (oldest to newest)
until the fraction drops below the low watermark.

4.2 Live Cache Resizing

A system like vSAN must support diverse deployments and working-
set sizes; operators, therefore, require the ability to grow or shrink
cache capacity online. Cache resizing must preserve correctness and
performance while avoiding disruptive reallocations. Our resizing
mechanism is designed to satisfy:

e Live operation: cache hits/misses continue during resizing.

Low overhead: resizing work should not measurably degrade
steady-state cache performance.

o Minimal data movement: most cached content remains in place.
o Fine granularity: capacity changes occur in small increments.
No fragmentation: repeated resizing does not fragment memory.
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4.2.1 Cache Growth. Growing the cache requires enlarging the
Main Clock, Small FIFO, Ghost FIFO, and their associated hash-
bucket arrays. During initialization we reserve unused virtual ad-
dress space after each array, allowing growth without relocating
the existing arrays. Cache growth therefore proceeds by extending
each array into its reserved region, initializing the new entries, and
updating cache capacity and hash sizing.

A background thread then progressively migrates entries to the
new hash layout. During migration, an entry may temporarily
reside in the “old” location while lookups are in flight. Searching
both old and new hash locations on every lookup is complex because
lookups do not lock entries while traversing the hash table, and the
background thread can move entries concurrently. We therefore
shift complexity from lookups to insertions: lookups search only
the new hash location. If this produces a false negative because an
entry has not yet been migrated, the insertion path detects the old
placement, rehashes and moves the entry under locks, and then the
retry logic in §4.1.1 causes the lookup to succeed on retry. This keeps
the hot lookup path simple and confines migration complexity to
code paths that already take locks.

4.2.2 Cache Shrinking. Shrinking mirrors growth. The background
thread rehashes entries into the smaller bucket arrays and then re-
leases the excess memory at the end of the bucket arrays. Shrinking
the Ghost FIFO is straightforward because it stores keys only and
entries at the end can be dropped.

Shrinking the Main Clock and Small FIFO requires care. Clean
pages at the end can be discarded, but dirty pages cannot be dropped
and are difficult to copy for the reasons described in §4.1.3. When
the background thread encounters a dirty page in the region to be
removed, it triggers a flush and retries later, allowing shrinking to
proceed once the page becomes clean.

4.3 Lessons Learned

A shared cache substrate across products. A cache eviction
algorithm is critical to the storage data path, and many VMware
products depend on an effective one. Clock2Q+ evolved from the
simpler Clock2Q design over multiple years, driven by product
needs and deployment requirements. It is now consolidated into a
shared codebase reused across multiple products.

Kernel constraints: near-100% hit ratio, scan resistance, and
debuggability. In 2015, a new vSAN OSA feature needed a cache
eviction policy for a core kernel data path. The workloads were un-
usual but operationally common for storage: the cache hit ratio was
close to 100%, so per-hit CPU overhead was the dominant concern.
The code executed as a state machine on a single core, so locking
and concurrency were not required. At the same time, kernel-mode
debugging is notoriously difficult, so simplicity of implementation
was a primary selection criterion. Finally, the algorithm had to
be scan-resistant because certain workloads periodically scan the
entire address space.

Why Clock2Q: replacing LRU in 2Q with Clock. Although sev-
eral scan-resistant Clock-family algorithms exist, including Clock-
Pro [24] and CAR/CART [2], they were too complex to be attractive
in this kernel setting. 2Q is among the simplest scan-resistant poli-
cies, but it relies on LRU for its main segment, which carries higher
CPU overhead. This context made the Clock2Q design decision



straightforward: replace the Main LRU in 2Q with a Main Clock,
leveraging the long-known observation that Clock approximates
LRU behavior at lower cost. Nearly a decade later, the S3-FIFO
results showed that Clock can outperform LRU in many cases,
which was an unexpected but welcome confirmation: Clock2Q can
plausibly deliver both a lower miss ratio and lower CPU/memory
overhead than 2Q.

Array-friendly primitives reduce complexity. Clock also sim-
plified implementation relative to Clock-Pro and CAR/CART: it
does not require dynamically adjusting the Clock size or insert-
ing/deleting elements in the middle of the structure. That property
enables an array-based implementation for the Main Clock, Small
FIFO, and Ghost FIFO rather than linked lists, which reduces mem-
ory overhead and further simplifies the system.

Reusing the design in VDFS via a templated implementation.
Around the same period, a new project, VDFS, also required a cache
algorithm. This setting needed multiple cache instances to store
different data types, so we generalized the cache implementation
using a C++ template. Clock2Q) was selected again, primarily be-
cause it met the simplicity requirements while providing strong
baseline performance.

Concurrency evolution: from a global lock, to sharding, to
fine-grained locking. In the VDEFS setting, concurrency became
a hard requirement: multiple threads accessed the cache simul-
taneously. We initially adopted the simplest correct approach—a
single global lock protecting the entire cache. Although the lock
was released during disk I/O on misses, it still caused substantial
contention on the hot hit path. We next tried sharding, which re-
duced contention until the transaction subsystem introduced a new
constraint: transactions needed to reserve cache blocks to guaran-
tee forward progress and avoid deadlock. Because blocks needed
by a transaction could map to any shard, reserving N blocks for a
transaction required reserving N blocks in each shard to be safe,
which was too wasteful to be viable. To address this, we designed
the highly concurrent version of Clock2Q described in §4.1.1 and
replaced sharding with fine-grained synchronization. After this
change, cache access was no longer a performance bottleneck.
Operational feature pressure: online resizing with minimal
disruption. vSAN must support a wide variety of workloads and de-
ployment profiles, so online resizing with minimal data movement
is an operational necessity. Here again, the simplicity of Clock2Q
proved valuable: because the design uses only arrays and a chained
hash table, we were able to add online growth and shrinking with
relatively small incremental complexity.

From S3-FIFO to Clock2Q+: correlation windows for meta-
data workloads. Following the S3-FIFO publication, its structural
similarity to Clock2Q was the key factor motivating further inves-
tigation. While studying S3-FIFO, we formed the initial hypothesis
behind this paper: introducing a correlation window into the Small
FIFO could combine the best properties of Clock2Q and S3-FIFO and
outperform both, particularly for metadata caches with correlated
references.

Hardening against production corner cases: dirty pages and
bounded scanning. As we expanded workload coverage, we also
encountered production-driven corner cases. One notable bug was
that if every page in the Small FIFO is dirty, the eviction logic can
enter an infinite loop while searching for an evictable page. This
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Figure 8: Derived metadata traces and traces collected from
TLX B* tree leaf block accesses are similar.

directly motivated our study of bounding the amount of work the
Small FIFO head or the clock hand performs before giving up, as
discussed in §5.5.2. Implementing S3-FIFO in vSAN also revealed
a practical mismatch in dirty-page behavior: dirty blocks should
ideally be moved from the Small FIFO to the Main Clock when
promoted, a behavior that did not occur in the original Clock2Q
implementation. We again prioritized operational simplicity over
theoretical accuracy, as discussed in §4.1.3, and we evaluate the
negligible impact of this simplification in subsection 5.5.
Simplicity as a first-class production requirement. Overall,
the evolution from Clock2Q to Clock2Q+ illustrates a typical path
by which an academic idea is adapted into a production component.
At each stage, we applied minimal engineering changes to avoid
premature optimization, seeking a balanced design with reasonable
hit ratio, low CPU overhead, high concurrency, and operational
robustness. Among these characteristics, simplicity proved the most
important in practice, even though it is rarely emphasized in aca-
demic discussions. Cache eviction is a class of algorithms where
simplicity is especially critical: when performance is poor, it is dif-
ficult to determine whether the root cause is an implementation
bug or simply an algorithm-workload mismatch. Debugging is fur-
ther complicated by the lack of access to real customer workloads
and the difficulty of constructing repeatable tests that preserve
realistic access patterns. Widely used benchmarks often rely on
simplistic distributions (e.g., uniform random or Zipf), which do
not reflect production behavior. In our experience, starting from
a simple design paid long-term dividends—most notably when we
implemented and validated complex operational features such as
online cache resizing years later.

5 EVALUATION

We focus on miss-ratio comparisons against state-of-the-art policies
and then quantify the cost of the production simplifications in §4.
Production goals. Clock2Q+ retains the low hit-path overhead
typical of clock-based designs: on a cache hit it performs a hash
lookup and, at most, updates a Ref bit. It also scales well on multi-
core systems because synchronization is fine-grained: each cache
entry and each hash bucket has its own lock. In our performance
testing in vSAN ESA and VDFS, cache lock contention did not
appear as a bottleneck. The implementation is also intentionally
simple. Clock2Q+ uses a small number of arrays (for the Main Clock,



the FIFOs, and the hash buckets) and singly linked lists only for
hash collisions. This is simpler than other scan-resistant designs
that require more complex data structures or adaptive resizing logic.
Finally, Clock2Q+ requires no manual tuning in practice: the default
parameterization is robust, which we validate explicitly in §5.6.
Evaluation plan. We compare Clock2Q+ to state-of-the-art evic-
tion algorithms across multiple workload types, including derived
metadata traces, original data traces, and non-block (object/key-
value) traces. We quantify the impact of dirty blocks and evaluate
whether the production simplifications described in §4.1.3 preserve
cache efficiency. We then analyze why Clock2Q+ makes better pro-
motion/eviction decisions than S3-FIFO, and we study parameter
sensitivity to confirm robustness.

5.1 Experiment Setup

Workloads. Because vSAN is deployed on enterprise customers’
hardware, we cannot run experiments on customer clusters or col-
lect or release vVSAN cache traces due to privacy and compliance
requirements. We therefore use the open-source block cache traces
from CloudPhysics [47]. The dataset contains 106 traces spanning
7 days, totaling 2,114 million requests over 82 TB of data. Clock2Q+
is designed for metadata caching in vSAN, but these public traces
are data-layer traces. We thus derive metadata traces from the pro-
duction data traces using the method in §2.4, by dividing LBNs by
200. We choose a fan-out of 200 to match the fan-out of the produc-
tion B* tree in vSAN ESA. Although the proprietary vSAN traces
themselves cannot be released, this fan-out-division conversion lets
any reader regenerate the metadata traces used in this paper from
any publicly available block trace, so the experiments below can be
reproduced end-to-end.

Benchmarks. We implement Clock2Q+ in the libCacheSim simu-
lator [59] to ensure fair and reproducible comparisons against prior
and state-of-the-art algorithms. Our Clock2Q+ implementation has
been upstreamed and is publicly available at https://github.com/
lalalla/libCacheSim. Unless otherwise stated, we evaluate each
algorithm at four cache sizes: 0.005, 0.01, 0.05, and 0.1 of the trace
footprint.

Baseline and metrics. We compare Clock2Q+ with state-of-the-
art eviction algorithms. Prior work shows that Clock can achieve
both lower overhead and lower miss ratio than LRU [58], so we use
Clock as the baseline and report miss-ratio improvement as:

MRcijock — MRalgo

Improvement =
P algo MRClock

5.2 Metadata Trace Fidelity

We validate the realism of our derived metadata traces by generating
and comparing two metadata traces for the same workload. First,
we construct a B* tree using the TLX library [6], replay a data trace,
and record the accessed leaf blocks during the replay. Second, we
generate a derived metadata trace by applying our mapping: for
each request, divide the LBN by 200. We then evaluate S3-FIFO
and Clock2Q+ on both traces. Figure 8 shows that the miss-ratio
differences are less than 0.01% between the two traces, indicating
that the simple fan-out mapping is an effective method for deriving
metadata traces from data traces for our purposes.
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5.3 Miss Ratio Improvements

Metadata traces. Figure 9a reports the per-trace relative miss-ratio
improvement of ten state-of-the-art algorithms over Clock2Q+ on
the derived metadata traces. Almost all evaluated algorithms exhibit
negative or negligible improvement. This is consistent with our
earlier analysis: many policies mis-handle correlated references and
therefore promote transient metadata blocks into the main cache
segment, leading to cache pollution and suboptimal evictions.

Among the evaluated policies, only S3-FIFO 2-bit (the default
S3-FIFO configuration) and 2Q show improvements compared to
Clock2Q+ at both cache sizes. S3-FIFO 2-bit uses a 2-bit frequency
counter: an item must be re-referenced at least twice before it can
be promoted into the Main Clock. This reduces (but does not elimi-
nate) the chance that cold blocks experiencing correlated references
are promoted. In contrast, S3-FIFO 1-bit promotes blocks after a
single re-reference and is therefore more susceptible to correlated
bursts, yielding higher miss ratios on metadata traces. 2Q addresses
correlated references in a different way: entries in the Small FIFO
are evicted (to ghost) rather than promoted based on short-term hit
frequency, which naturally avoids over-promotion of bursty cold
blocks.

Clock2Q+ is explicitly designed for correlated-reference work-
loads. As described in §3.4, its correlation window prevents short-
term bursts from setting the Ref bit and thereby prevents cold
metadata blocks from being promoted into the Main Clock. Across
the 106 CloudPhysics traces, Clock2Q+ achieves the highest median
and mean miss-ratio improvement at every tested cache size on
both metadata and data traces; S3-FIFO 2-bit is the second-best per-
former at the larger cache size on metadata traces, and the largest
per-trace gap over it reaches 28.5% at the larger cache size.

Data traces. For comparison, we evaluate the same ten algorithms
on the original data traces, with results shown in Figure 9b. Even
though many of these policies were designed and tuned specif-
ically for data caches, Clock2Q+ achieves a higher median and
mean miss-ratio improvement than every other evaluated policy
at both cache sizes; the bulk of the per-trace distributions for the
other algorithms sits at or below zero. This suggests that some data
workloads may also contain correlated-reference-like effects (e.g.,
due to application-level clustering), and that Clock2Q+’s admission
filtering can be beneficial beyond metadata caching.

Consistent improvement across cache sizes. Figure 10 shows
miss-ratio curves for CloudPhysics workload w56, used here as a
representative case study. The left column shows derived metadata
traces and the right column shows data traces. Each subplot com-
pares Clock, ARC, S3-FIFO, and Clock2Q+ on the same workload
and object set. Across all panels, Clock2Q+ yields the lowest curve:
it remains below the competing algorithms over the entire cache-
size range (from 1% to 99%). On metadata traces, Clock2Q+ shifts
the curve downward across the range. On data traces, absolute miss
ratios are higher, yet Clock2Q+ again achieves the lowest miss ratio
at every cache size.

In summary, Clock2Q+ consistently achieves lower miss ratios
than state-of-the-art algorithms, with the improvement being more
pronounced on metadata traces.
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5.4 The Secret Behind High Efficiency

To explain Clock2Q+’s advantage, we analyze how it differs from
S3-FIFO in deciding which blocks are promoted into the Main Clock
versus sent to the Ghost FIFO. We use one trace as a case study
throughout this section. We compute the next reuse distance (NRD)
for blocks that leave the Small FIFO and are either (i) moved into the
Main Clock or (ii) moved into the Ghost FIFO. Small NRD indicates
imminent reuse and suggests the block should stay in the Main
Clock; large NRD indicates distant or no reuse and suggests eviction
is appropriate.

Figures 11a and 11b show that Clock2Q+ sends more small-NRD
blocks to the Main Clock and fewer to Ghost, retaining soon-to-be-
reused blocks while filtering cold bursts.

Table 1 reports the number of blocks that are moved from the

Small FIFO into the Main Clock and Ghost FIFO, respectively. Clock2Q+

promotes fewer than 25% as many Small-FIFO blocks into the Main
Clock as S3-FIFO, while moving a comparable number to Ghost.
This highlights that which blocks are admitted into the Main Clock
matters as much as how many: by being more selective, Clock2Q+
reduces pollution in the main segment. These observations support
the use of the correlation window as an effective mechanism for
controlling admission from the Small FIFO.
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Figure 11: Probability distribution function (PDF) of NRD of
blocks from Small FIFO. Clock2Q+ moves more cold blocks
(large NRDs) to the Ghost FIFO and moves more hot blocks
(small NRDs) to the Main Clock. The rightmost peak repre-
sents blocks that are not accessed again.

Table 1: Counts of inserted block in the Main Clock and Ghost
FIFO for Clock2Q+ and S3-FIFO.

Small —» | Small - | Ghost —
Algorithm Main Ghost Main
Clock2Q+ 20,762 186,959 33,068
S3-FIFO 88,529 126,897 29,909

5.5 Impact of Production Optimizations

5.5.1 Dirty Blocks. In Clock2Q+, the Small FIFO skips dirty blocks
when searching for an eviction candidate. After skipping a thresh-
old number of dirty blocks, it gives up on the Small FIFO for that
eviction and inserts the new block into the Main Clock. This pre-
vents dead loops when the Small FIFO becomes entirely dirty.

As discussed in §4.1.3, a dirty block at the tail of the Small FIFO
with Ref=1 should ideally move to the Main Clock. Implementing
this movement in vSAN is not trivial, so the production design
reinserts the dirty block into the Small FIFO and revisits it in a
later cycle when it becomes a candidate again. To quantify the
cost of this simplification, we implement two Clock2Q+ variants
in libCacheSim [59]: the production design described above, and
an idealized baseline that moves Ref=1 dirty blocks at the Small
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dirty) per eviction. (c) Impact on the maximum skipped blocks on the miss ratio. A small limit, i.e., 10, does not significantly

increase the miss ratio.

FIFO tail directly into the Main Clock. The idealized baseline is not
among the algorithms compared in Figure 9a.

We set the dirty block flush time to 30 seconds. The low and
high watermarks for background flushing are set to 10% and 20%
of cache size, matching Linux kernel page-cache defaults?.

Figure 12a shows that simplified dirty-block handling has mini-
mal impact (negative values indicate a miss-ratio increase relative
to the idealized baseline defined above). At the smallest cache size,
it can even reduce miss ratio for some traces; we conjecture that
the Small FIFO window is too short and potentially hot blocks can
be prematurely evicted, so skipping dirty blocks incidentally pro-
tects them. At larger cache sizes, simplified dirty handling slightly
increases miss ratio for some traces, but the overall effect remains
negligible. This supports the production choice to prioritize sim-
plicity for dirty-page handling. This analysis was conducted only
in simulation, because it is more difficult to experiment with dirty
page handling in real systems under various workloads.

5.5.2  Limiting Clock Hand Movement. When evicting from the
Main Clock, the clock hand can skip blocks whose Ref bit is set. In
the worst case, a single eviction could skip many blocks, increas-
ing CPU cost and creating latency spikes. Figure 12b shows the
mean number of skipped blocks across the 106 CloudPhysics traces.
The mean is low (< 2) for most traces for both Clock2Q+ and S3-
FIFO. Clock2Q+ skips more blocks per eviction than S3-FIFO, likely
because it retains more truly hot blocks in the Main Clock.

To bound CPU cost, we evaluate thresholds of 10, 100, 1000, and
oo (unbounded). Once the threshold is reached, the algorithm evicts
a non-dirty block regardless of its Ref bit. Figure 12c shows that a
threshold of 10 only slightly increases miss ratio, suggesting that a
small reinsertion limit is safe for production.

5.6 Sensitivity Analysis

Clock2Q+ sets the correlation window to half of the Small FIFO by
default. We evaluate sensitivity to this choice by testing correla-
tion windows of 10%, 30%, and 50% of the Small FIFO. Figure 13a

2dirty_background_ratio and dirty_ratio in /proc/sys/vm/.
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shows that at small cache sizes a larger correlation window slightly
improves miss ratio, while at larger cache sizes the differences are
small. Our conjecture is that the correlation window is primarily a
workload property and should not scale strongly with cache size;
hence, when the cache is very small, a larger window can better
suppress correlated bursts. Overall, miss ratio is not highly sensitive
to the window size: all tested settings significantly outperform the
Clock baseline.

Finally, Figure 13b evaluates three open-source object/key-value
cache datasets [60] (Wikimedia, Meta Key-Value, and Tencent Photo),
which together include 10 traces. Clock2Q+ still improves over the
Clock baseline, but its gains are slightly smaller than S3-FIFO’s. We
conjecture that these workloads contain fewer correlated references,
so Clock2Q+’s correlation window offers limited filtering benefit
and can occasionally postpone promotion of truly hot objects. This
result is consistent with our hypothesis that the correlation window
is most useful when correlated references are common.

6 RELATED WORK
6.1 Cache eviction Algorithms

Cache eviction policies have been extensively studied [10, 19, 25,
26, 32, 45, 46, 57, 62]. LRU remains the most widely deployed due
to its simplicity [18], while Clock provides a lower-overhead ap-
proximation [16, 60]. However, both are vulnerable to scans and
pollution.

To improve scan resistance, policies use reuse distance (LIRS [25],
LIRS2 [63], Clock-Pro [24], DLIRS [31], LRU-K [34]), adaptive re-
cency/frequency lists (ARC [32], CAR [2], CART [2]), segment
protection (SLRU [23, 28]), or explicit scan detection (SEQ [21],
EELRU [27]). Frequency-based policies (LFU [42], LFU* [1], LFU-
Aging [36], LFU*-Aging [52], LRFU [30], LeCaR [46], Cacheus [39])
balance recency and frequency. Recent work explores learning-
based ranking (LRB [43], HALP [44], 3L-cache [64], GL-Cache [57])
and systems approaches (S3-FIFO [60], SIEVE [62]).

Variable-size caches use size-aware techniques such as GDSF [12],
AdaptSize [5], LHD [3], and Hyperbolic [7], or admission control
such as TinyLFU [19]. Other work includes application hints to
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Figure 13: (a) Clock2Q+ is not sensitive to correlation window size. While 0.5 of the Small FIFO queue works the best, even a
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on non-block cache workloads (object and key-value) shows that the correlation window is not useful for these workloads

because they do not show correlated references.

guide eviction decisions (DEAR [13], AFC [14], UBM [29], ILRU [40],
OLRU [40], Hot Set [41], QLSM [15]) and contention reduction ap-
proaches (Mr. Cache [48]).

BP-Wrapper [17] reduces lock contention through batching and
prefetching, but it does not remove the CPU and memory overhead
of LRU as Clock does. Its batching model may also be less effective
for vSAN threads, where a thread can block on the first contended
cache access before its per-thread FIFO becomes useful.

A fundamental challenge for production systems is lock con-
tention from object promotions [58]. Lazy promotion techniques
strategically delay or suppress promotions, improving throughput
without significantly increasing miss ratio [11].

6.2 Correlated References

Correlated references were identified in FBR [36]. Subsequent poli-
cies introduced mechanisms to detect and filter correlated bursts
so that short-term clustering does not masquerade as long-term
popularity. 2Q [26] uses a Small FIFO to absorb correlated bursts,
but it achieves this by evicting every block that exits the FIFO to
a ghost structure, which can impose an extra miss on hot blocks
before they reach the main segment. CART [2] extends CAR with
correlated-reference handling using an idea similar in spirit to 2Q: it
uses the length of T; (analogous to 2Q’s Small FIFO) as a correlation
window, and blocks found in ghost queue B; are treated as being
outside that window. This design, like 2Q, can still induce extra
misses as part of establishing that a block should be promoted.

Clock2Q+ targets the same problem but avoids this penalty.
Rather than requiring an eviction-and-ghost re-reference to es-
tablish that a block is beyond the correlation window, Clock2Q+
suppresses Ref-bit setting within the correlation window and en-
ables direct promotion once a block demonstrates reuse outside
the window. This preserves the benefits of correlated-reference
filtering while avoiding additional misses for hot blocks.

6.3 Cache Production Systems

Several papers have reported experience building and operating
large-scale caching systems in production. Nisthala et al. describe
the challenges of scaling Memcache at Meta [33]. Bronson et al.
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present TAO, a specialized cache for the social graph at Meta [9].
Huang et al. study Meta’s CDN cache design with an emphasis
on eviction policy [23]. More recently, Berg et al. demonstrate the
benefits of consolidating multiple production caches onto a shared
caching library at Meta [4]. In addition, prior work has analyzed
large in-memory KV-cache workloads at Twitter and highlighted
the diversity of access patterns in real deployments, and Yang et al.
discuss a flash-cache admission policy deployed at Google [61].

Clock2Q+ is complementary to these efforts. Rather than pre-
senting a full caching stack or a workload characterization study,
Clock2Q+ focuses on the eviction-policy design itself, and explains
the specific design choices needed to handle metadata-cache ac-
cess patterns such as correlated references. Moreover, most prior
deployed-system papers target application data caches; in contrast,
vSAN’s metadata cache is more sensitive to overhead because it
sits on a particularly hot path, and it runs in environments where
manual tuning is impractical (vVSAN is deployed on customers’ hard-
ware). These differences drive different engineering priorities: our
design emphasizes low CPU overhead, minimal tuning, simplicity,
and multi-core scalability.

7 CONCLUSION

Metadata-cache workloads frequently exhibit correlated references,
where short bursts of repeated accesses reflect structural locality
rather than sustained popularity. This paper presents Clock2Q+, a
simple cache eviction algorithm tailored to this behavior and imple-
mented in Broadcom VMware vSAN. Clock2Q+ achieves the highest
median and mean miss-ratio improvement among the state-of-the-
art policies we evaluate on both metadata and data workloads, with
the largest per-trace gap over S3-FIFO reaching a 28.5% relative miss-
ratio reduction on metadata. Beyond cache efficiency, Clock2Q+ is
engineered for deployment: it preserves the low CPU and memory
overhead of clock-based designs, scales well under high concur-
rency, requires no tuning in practice, and remains straightforward
to implement and debug—properties that are essential for reliable
operation in production systems.
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