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Abstract

Indexing data structures are vital to the modern systems ecosys-
tem, but there are no indexes that offer high performance, lock
freedom, and range scans. ARCTIC is a lock-free adaptive radix
tree that achieves all three: ARCTIC outcompetes lock-based
indexes, including a concurrent hash map, on many YCSB con-
figurations, guarantees non-blocking operation through careful
metadata layout and an (eponymous) freezing-based coordi-
nation protocol, and offers non-linearizable range and prefix
scans. ARCTIC also contributes a novel safe memory reclama-
tion scheme that uses operation keys to approximate reachable
pointers. We integrate ARCTIC into RocksDB and Turso, im-
proving throughput up to 40% and 12% on their write-heavy
benchmarks relative to their default skiplist indexes.

1 Introduction

Indexing structures are a fundamental component of modern
systems infrastructure: they underpin persistent key-value
stores [10,26], distributed caches [9], and databases [18,41,59].
In these settings, index operations are frequently on the critical
path of request processing and must scale across many cores
and sockets. We focus on three properties that such indexes
should provide. First, performance: indexes must offer high
throughput and low tail latency on real hardware. Second,
lock-freedom: indexes should provide strong progress
guarantees and scale under high contention without relying
on coarse-grained locks. Lock-freedom is important when
systems have more threads than physical cores: a thread
suspended inside a lock-based index’s critical section stalls
other threads waiting on that lock, while a lock-free index
makes progress regardless of scheduling (§ 4.1). Third, range
scans: many workloads require efficient range and prefix
scans. For example, LSM trees [46] in key-value stores rely on
range scans for fast compaction, and databases use range scans
to accelerate range queries and index-only plans. We claim
that no existing index satisfies all three of these properties, a
conclusion supported by previous studies [27, 42].

We group index structures into a few families: hash maps,
skiplists, B+-trees, prefix trees, and hybrids. Hash maps
achieve excellent performance and admit highly concurrent
and even lock-free implementations [39], but they do not sup-
port efficient range scans. Skiplists [58] are ordered, but suffer
from poor cache locality and high contention at higher levels of
the list. B+-trees are the default choice for most databases, but
lock-based B+-trees using optimistic lock coupling [36] per-
form far better than the state-of-the-art lock-free Bw-tree [54].
In the prefix-tree family, the lock-based adaptive radix tree

(ART) [35, 37] is a widely used ordered index, while the lock-
free SMART [38] struggles with memory usage and reclama-
tion (§5). We are not aware of any lock-free hybrid or trie-based
data structure that consistently outperforms these lock-based
alternatives while also supporting efficient range scans.

ARCTIC is an adaptive radix tree based on ART that
provides all three properties. (1) ARCTIC out-performs ART
on almost every YCSB [24] workload we evaluated (§4.1);
at 80 threads, the throughput increase over ART (geomean
across seven key distributions) ranges from 1.3× on YCSB-C
to 7.7× on YCSB-A. (2) ARCTIC’s new metadata layout and
(eponymous) freezing-based [14, 15] coordination protocol
enable it to achieve lock-freedom at minimal performance
cost: ARCTIC introduces no additional pointer indirection
relative to ART, and updates nodes in-place (as opposed to
read-copy-update), reducing both cache and allocator pressure.
(3) ARCTIC provides wait-free (but non-linearizable [31])
range and prefix scans, as well as wait-free reads.

ARCTIC also integrates a novel safe memory reclamation
(SMR, §2.5) scheme, which we call hazard keys, that correlates
logical operations with physical pointers. We start with hazard
pointers (HP) [43], which guarantee bounded unreclaimed
memory [48] by announcing the exact set of pointers an
operation is accessing, but add overhead to every pointer
dereference as a result. In §3.9, we show how we can instead
approximate protected pointers “for free” by correlating an
operation’s key with the tree structure, enabling us to protect
all pointers by announcing just the key, up front, once per
operation. Our evaluation (§4.3) explores how hazard key
reclamation efficiency is sensitive to request distribution, but
less sensitive to thread stalls or oversubscription.

In return for performance, lock-freedom, and range scans,
ARCTIC requires 128-bit atomic compare and swap (CAS)
for correctness, and 128-bit atomic loads for reasonable
performance. ARCTIC’s memory overhead varies with the key
distribution, but is generally higher relative to ART for integer
keys (0.97×-1.5×), and lower for string keys (0.19×-0.61×).

In summary, this paper makes the following contributions.
• We present the design of ARCTIC, the first lock-free

ordered index to surpass lock-based alternatives in
performance, and sketch proofs of its correctness and
lock-freedom.

• We contribute a novel SMR scheme—hazard keys—and
evaluate its sensitivity to request distribution and thread
count.

• We demonstrate the real-world potential of ARCTIC
by replacing concurrent skiplists in RocksDB [16] and
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Figure 1: The midddle panel shows the evolution of prefix trees,
with fixed nodes and height, to radix trees, which compress shared
symbols into edges, to adaptive radix trees, which compress nodes
into smaller partial mappings. All three trees represent the map
{acb=1,acc=2}. The right panel shows two physical layouts of a
logical compressed edge: ART stores the bytes in child node headers,
while ARCTIC stores them alongside child pointers.

Turso [11], resulting in end-to-end speedups up to 40%
and 12% on their write-heavy benchmarks.

• ARCTIC is open-source and available at
https://github.com/nwtnni/arctic.

2 Background

This section provides technical background on lock-freedom,
prefix trees, and safe memory reclamation.

2.1 Lock-freedom

An object is lock-free if, in every execution where operations
are continually invoked, some operation always completes
in a finite number of steps. A data structure is lock-free
if, regardless of schedule, threads make progress in every
execution. Even if some threads halt or crash, other threads will
be able to continue executing their operations on the object,
as no thread may block another. As a result, an operation on a
lock-free object always keeps the memory in a consistent state.

Lock-free data structures are most commonly implemented
using compare-and-swap (CAS) as a hardware synchroniza-
tion primitive, which can atomically load, compare, and store
up to 16B. The x86 has a 16B CAS instruction (CMPXCHG16B),
as does ARM in the LSE extension (the CASP instruction).

2.2 Prefix and radix trees

A prefix tree is an associative data structure composed of nodes
and edges that maps keys—sequences of symbols—to values.
Each node is a total map from symbol to edge (typically a fixed
size array). Each edge has one child, which can be a value or
a node (which can be null). A simple example is shown in Fig-
ure 1. Prefix trees provide point operations in time complexity
linear to the key size, and admit efficient range scans due to
their lexicographically ordered structure. In practice, however,
prefix trees suffer from (a) high time overhead when keys are
long, due to following one pointer per symbol, and (b) high
space overhead when keys are sparse, due to fixed size nodes.

Radix trees. Radix trees are a variant of prefix trees. Radix
trees still use fixed size nodes, with the radix r determining the
node size 2r. The radix is commonly chosen as 8 so that sym-

bols are bytes, which is efficient for hardware; we assume byte
symbols in this paper. Radix trees reduce overhead through
edge compression, i.e., labelling edges with shared bytes,
which reduces the height of the tree and eliminates nodes with
one child. Two physical representations of these edge bytes
are shown in Figure 1: ART [35] stores them in child node
headers, while ARCTIC stores them inline with child pointers.

Judy arrays [1] and the adaptive radix tree [35] (ART)
additionally reduce space overhead through node compression,
i.e., choosing different node representations depending on
how many children the node has, which reduces the size of
sparsely populated nodes. Both of these optimizations are
displayed in Figure 1.

Important properties. We will briefly describe some prop-
erties that help us reason about correctness. First, every prefix
tree element (node, edge, value) can be labeled inductively
with a prefix:

Definition 1 (Prefix). The root edge has the empty prefix. If an
edge has prefix p and bytes [b1,b2,...], then its child has prefix
p+[b1,b2,...]. If a node has prefix p and maps byte b to edge
e, then edge e has prefix p+[b].

Prefix trees must satisfy two invariants: for a given prefix,
there is at most one node in the tree, and for a given node in
the tree, it has exactly one prefix. Second, we point out a major
precondition of prefix trees:

Precondition 1. No key is a prefix of any other key.

This precondition avoids a vexing case where the same key
maps to both a node and a value, and the restriction is easy to sat-
isfy in practice. Fixed-size integers and C-style null-terminated
strings both have this property; other dynamically-sized
keys can append a sentinel byte. ARCTIC and all other prefix
tree-based data structures we are aware of have this restriction.

2.3 Structural modification operations (SMOs)

SMOs are operations that modify the physical state of a data
structure without modifying its logical state, and are typically
necessary to maintain data structure invariants. For example,
tree rotation maintains balance in a binary search tree, and
resizing maintains load factor in a hash map. We will focus
on SMOs because they are often the most challenging part
of designing lock-free data structures, especially when they
require writes to multiple memory locations. For example, a
B+-tree node split requires writing both parent and child.

Naive prefix trees have very simple SMOs (bottom of
Figure 2) that only write to the parent. Once we introduce edge
compression and node compression, however, the number
and complexity of SMOs also increase; they are necessary
to manage edge bytes and node representations, respectively.
We will reference these SMOs extensively, as our design is
grounded in implementing SMOs atomically without extra
indirection or locking (§3.3).
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Figure 2: SMOs in prefix tree variants. Prefix trees (bottom) only
have two SMOs: node creation and deletion. Edge compression
(middle) requires two new SMOs to expand and compress edge
bytes. Node compression (top) requires three new SMOs to append
to node partial mappings and change the representation of a node.
SMOs on the right side require unlinking (Figure 3); we refer to them
collectively as node replacement SMOs.

2.4 Node life cycle

Figure 3 illustrates the life cycle of a ARCTIC node: the
states a node can occupy and the transitions between them.
Informally, we say a node is reachable if there exists some
path to it from the root. Linking makes a node reachable, and
unlinking makes it unreachable; in ARCTIC, these transitions
are implemented atomically by CASing a pointer to the node.
We will introduce freeze next, and reclaim in §2.5.

Freezing [14, 15] addresses a specific race between
unlinking a node and concurrently accessing that same node.
Depending on the data structure, it may still be correct to read
an unreachable node, but it is generally incorrect to write to
an unreachable node. For example, if thread A loads a pointer
to node n, thread B unlinks n, and thread A writes to n, then
thread A’s write is not observable.

At a high level, freezing prevents unlink-write races by
requiring unlinking threads to set a frozen bit on every
CASable location in a node before unlinking; on the other
side, a writing thread promises to CAS only when the frozen
bit is clear. This provides a mechanism for writers to detect
when the node they are writing may be unreachable—it could
be frozen but still reachable. For reading threads, it is usually
safe to restart when reading a location whose frozen bit is set,
but this could be quite slow.

ARCTIC uses freezing as a primitive coordination mech-
anism, but there are many edge cases that must be specialized

Figure 3: The life cycle of a node in ARCTIC. The top two states are
local, meaning that there is at most one thread that can access the
node. The bottom three states are global, meaning there may be any
number of threads accessing the node. We use freezing to coordinate
unlinking (§2.4); a frozen node may be reachable or unreachable.
Our hazard key protocol (§3.9) determines when an unreachable
node becomes safe to reclaim (§2.5).

for our data structure: for example, what does a writing thread
do when it fails to CAS? When is it safe for a reader to read an
unreachable node? Our design (§3) answers these questions
and we sketch a correctness proof (§3.8).

2.5 Safe memory reclamation (SMR)

Any concurrent data structure that allows optimistic traversal
(in other words, loading and dereferencing pointers without
acquiring a lock) must be especially careful to avoid use-
after-free errors. This is the safe memory reclamation (SMR)
problem: determining when a pointer will never be derefer-
enced again, so it can be freed. In managed languages like Java
or Go, SMR is handled by the language runtime’s garbage
collector. In languages with manual memory management like
C, C++, or Rust, SMR falls to the programmer.

SMR algorithms make a fundamental trade-off between
precision—how closely they can estimate the set of pointers
that will no longer be dereferenced—and performance—how
much runtime overhead they incur. Hazard pointers [43] keep
track of the exact set of pointers being accessed, which bounds
unreclaimed memory, but the cost is overhead for every
pointer access. On the high performance end of the trade-off,
epoch-based reclamation (EBR) [29] tracks quiescent periods
between operations. EBR is popular for its consistently high
performance, but even a single stalled thread can prevent all
memory reclamation.

3 Design

To develop some high-level intuition for our design, and how
it differs from ART, we walk through of a series of insertions
(§3.1). Then we will go over:

• ARCTIC’s metadata layout (§3.2)
• How to perform SMOs atomically (§3.3)
• How to traverse (§3.4) and insert (§3.5)
• How to reclaim memory (§3.9)
• Why ARCTIC is correct, linearizable, and lock-free (§3.8)
• How to optimize ARCTIC (§3.10)

3.1 Walkthrough

Figure 4 illustrates a series of insertion operations on ARCTIC
and ART, starting from an empty tree.
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Figure 4: Walkthrough showing a series of insertions in ARCTIC and ART, starting from empty trees. Each insertion requires a different SMO
(except the first insertion,which ARCTIC handles without an SMO). Each data structure undergoes atomic transitions between globally visible states,
both between rows, and from left to right within a row (separated by dashed lines). To save space, we merge ART’s locking and omit its unlocking.

Empty. ARCTIC is rooted at an edge, while ART is rooted at
a node because: (1) ARCTIC stores edge bytes alongside edges,
(2) ART stores edge bytes in child node headers, and (3) Precon-
dition 1 precludes empty keys. Therefore, ART needs at least
one node to represent a non-empty key, while ARCTIC does not.

Insert(abc, 1) (Row 1). ARCTIC can store a value with a
non-empty key directly under the root edge, so no SMO is
required. ART creates an intermediate node and locks the root
node to install it.

Insert(ade, 2) (Row 2). This insertion requires edge expansion.
ARCTIC requires only one CAS, but this SMO is painful for
ART because ART stores edge bytes in child node headers.
As a result, ART takes two locks to update the parent’s edge
and the child’s node header, exposing an inconsistent state in
between that readers must detect.

Insert(af, 3) (Row 3). We illustrate this insertion as if it
requires a node expansion, though in practice, ARCTIC’s
smallest node can accommodate 3 entries, and ART can
accommodate 4. Node expansion requires unlinking an old
node. ARCTIC handles this case by using a freezing-based
(§2.4) node replacement protocol (§3.3) that is expensive, but
maintains consistency and supports in-place updates. ART
takes two locks to prevent updates to the child while updating
the parent’s child pointer.

Summary. ARCTIC has clear performance benefits just from
avoiding locking and unlocking, both in the common case of
updates, where ART requires one lock, and in the rarer case

of SMOs, where ART requires two locks.
More importantly, by removing ART’s node-level lock-

ing, ARCTIC achieves much finer-grained concurrency,
both vertically—between different levels of the tree—and
horizontally—between different edges in a single node. As
an example of vertical concurrency, consider two consecutive
nodes, where both undergo node expansion. In ARCTIC, these
two node expansion SMOs happen fully in parallel (§3.3),
while in ART, they conflict on a lock on the second node. As
an example of horizontal concurrency, consider updating two
edges in a node. In ARCTIC, these two updates also happen
in parallel, while in ART, they conflict on the node-level lock.

3.2 Metadata layout

Figure 5 shows the layout of ARCTIC’s intermediate node types
(Node3, Node15, Node47) which are based on ART’s [35]
(Node4, Node16, Node48), but ARCTIC (1) reorganizes edge
and node metadata to enable atomic SMOs (Figure 2), and (2)
ensures all node types have power-of-two sizes to make more
efficient use of hardware. We will explain how this layout
follows naturally from our constraints.

The biggest constraint on ARCTIC’s layout is the edge
expansion SMO. As shown in Figure 4, ART’s placement
of edge bytes in child node headers means edge expansion
requires two writes, which is difficult to do atomically without
locks. ARCTIC shifts these edge bytes upward into the parent
edge. While our design still works with 8B edges and atomics,
to fit more edge bytes, we make our edges 16B and require
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Figure 5: The memory layout of ARCTIC’s edge and node types.
The child of an edge is a union between a user value (if the value
bit is set), null, or a node pointer with its type tag in the lower two
bits, which are zero due to alignment. We ensure that all types have
power-of-two sizes, which works well with hardware and memory
allocators, and that our smallest node type (Node3) occupies exactly
one cache line to avoid false sharing between different nodes.

the system to support 16B atomic operations.
With 16B edges in place, our next constraint is Node256,

which must contain an array of 256 edges, exactly 4KiB. We
cannot fit any metadata without causing Node256 to span two
pages (bad for memory allocator, page table, TLB); luckily,
the only metadata Node256 needs is a node type tag, so we
shift node type tags into parent edges as well. (As a side
benefit, this eliminates a cache miss: ART unconditionally
loads child node headers to determine the type, but ARCTIC
avoids this load when the child is a Node256).

Our final constraints come from node replacement and
node append SMOs. Our node replacement protocol (§3.3)
requires every edge and node header to have a frozen bit (§2.4).
For node append, Node3 and Node15 need no additional
changes, because their headers fit into 16B and can be CASed
atomically, but Node47’s header is too large. We add a
field—(last, the last appended key byte)—and explain how
we use it to achieve atomic node appends in §3.3.

3.3 SMOs

We now revisit our adaptive radix tree SMOs (Figure 2) and ex-
plain how ARCTIC’s layout enables us to implement each SMO
atomically. We focus on successful SMOs for now, as failed
SMOs are handled at a higher abstraction level (e.g., insertion
or deletion). Failed SMOs have no globally visible effects.

Edge expansion. ARCTIC places edge bytes in edges, which
makes this SMO straightforward. Following the example in
Figure 2, we expand an edge with bytes def to some child
c. This can be done atomically as follows: (1) create a new
Node3 n that maps byte e to edge with bytes f and child c, and
(2) CAS the original edge to bytes d and child n.

Node replacement. Four SMOs—node expansion, node com-
pression, edge compression, and node deletion, displayed on

the right side of Figure 2—are similar in that they (1) scan an
old reachable node to determine the contents of the new replace-
ment node, (2) construct the new node in local memory, and (3)
CAS to atomically unlink the old node and link the new node.
However, this becomes complicated in the presence of in-place
node updates: any number of concurrent updates to the old node
may take place between steps (1) and (3), which may not be re-
flected in the new node when it is successfully linked in step (3).

We address this race condition in two ways. First, we
prevent the old node from being updated between steps (1) and
(3) through freezing (§2.4): we iterate over every CASable lo-
cation in the node (header, edges) and CAS to set the frozen bit.
The node is frozen once every frozen bit is set, and guaranteed
to be immutable. Second, we avoid stale SMOs—for example,
one thread starts freezing a full node in order to expand it,
but every child is removed before freezing completes—by
unifying all four SMOs into a single node replacement SMO.
Threads may initiate a node replacement for any reason, but the
new node (and SMO) is a deterministic function of the node’s
contents after freezing, instead of being decided up-front. Re-
visiting the previous example, the thread now deletes the node
instead of expanding to a larger node type with zero children.

We wish to highlight some nice properties of freezing
and node replacement. Freezing is infallible, as each CAS is
retried while the frozen bit is not set (it could be set by another
thread concurrently freezing). Freezing is idempotent, and
every thread that freezes a node, potentially concurrently,
will see the same node contents after freezing. Finally, node
replacement is symmetric: every thread that concurrently
replaces a node will construct a logically identical replacement
node, because the replacement is determined solely by the
immutable contents of the old node after freezing.

Node append. Node256 is a total map from byte to edge; it does
not need a node append SMO to create more byte to edge map-
pings. But smaller node types (Node3, Node15, Node47) are
partial maps, and do require an SMO to create new mappings.

We note that node append operations always append an
edge with a null child, which does not change the tree’s logical
contents. Updating this newly appended edge is a separate oper-
ation. We also note that, like ART, our partial maps grow mono-
tonically (which is why there is only a node append SMO).
Unnecessary mappings are removed during node replacement.

Node3 and Node15 are similar: their headers comprise an
array mapping from edge index to key byte, and the length,
i.e., number of valid mappings. Because their headers are less
than 16B, we can atomically CAS the header to update the
mapping and the length.

Node47 is different; while its header also contains the
length, it uses an array mapping from key byte to edge index
(this inverse mapping avoids sorting during range operations).
This is too large to be updated in one CAS, yet requires
writing both the array and the length atomically to maintain
consistency. Naively performing two CASes does not work:
CASing the array first can result in two key bytes mapping to
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the same edge index, while CASing the length first can result
in the same key byte being assigned two edge indices.

We solve this by introducing a last field containing the last
appended key byte, adjacent to len. Now, before inserting, a
thread first helps [17] ensure consistency of the len and last
fields. These fields are consistent if the array entry at index
last is equal to len−1; if they are not consistent, then the
thread CASes the array itself. This helping is infallible: if the
CAS fails, it is safe to ignore, as another thread must have
helped. After helping, the thread appends its own mapping
by CASing len and last, and finishes by helping itself.

This Node47 append algorithm requires some scrutiny:
unlike the other SMOs we have discussed, it requires two
CASes (one to update len/last, and one to update the array)
and is not obviously atomic. Intuitively, this SMO completes
after the second CAS, when the array is updated: readers do
not check len and last at all, and writers ensure the array is
always consistent, including before freezing. This means that
the intermediate state between two CASes is not observable
by any other operation or SMO, and our append is atomic.

3.4 Traversal

Algorithm 1 Traversal algorithm

1: root: &Edge
2: key: &[u8]
3: i←0
4: j← i+LEN(root.bytes)
5: while key[i..j] == root.bytes do
6: match root.child? with
7: Value(value)⇒ return Some(value)
8: Node(node)⇒
9: root←node[key[j]]?

10: i← j
11: j← i+LEN(root.bytes)

return None

Without loss of generality, we focus on traversal to a full
key. (Traversal to a key prefix is analogous, except it may end
at an intermediate edge or node.) We present pseudocode in
Algorithm 1; the ? operator is Rust syntax for returning early
if None. Traversal is wait-free, never back-tracks, and does not
interact with freezing. Traversal can terminate unsuccessfully
in three different ways: (1) when key[i..j] does not match
root.bytes in line 5, (2) when root has no child in line 6, and
(3) when node has no mapping for byte key[j] in line 9 (note
that j is a valid index into key here due to Precondition 1).

3.5 Insertion

The happiest path for insertion is when all intermediate edges,
nodes, and node mappings for a key already exist—in other
words, traversal proceeds until terminating at an edge with
no child, which we will call the final edge. To insert, we
atomically CAS the final edge from null to the new value.

Now, let us consider all the ways in which the happy path
might become sad. We will distinguish between two levels
of sadness: the first level is when an SMO is necessary to
continue traversal, but we still assume all of our CASes
succeed. The second level considers when any CAS may fail;
thankfully, this level is recursive, so we will not need more.

A little sad. In §3.4, we list the three ways traversal can
terminate unsuccessfully. In each case, we perform an SMO,
and then continue traversal: (1) if the key bytes do not match
the edge bytes, perform edge expansion; (2) if there is no child,
and the remaining key bytes do not fit in one edge, perform
node creation; (3) if there is no node mapping for the key byte,
perform node append, or node replacement if the node is full.

Very sad. We now consider what happens when CASes fail,
recalling that the only locations we CAS in ARCTIC are node
headers (node append SMO) and edges (everything else). The
first thing we do on CAS failure is to deallocate any new node
that was created (SMOs with new nodes in Figure 2). This
does not require SMR, as these nodes are still local (Figure 3).
Then our response depends on whether or not the CAS failed
due to freezing.

Case CAS-UF (CAS failure, unfrozen) Somewhat sur-
prisingly, we can handle all of these failures the same way,
regardless of what SMO or operation the CAS is a part of,
by simply continuing traversal from the current edge. To
understand why this works, we can look at some concrete
examples. If the CAS failure was due to a concurrent (1) edge
expansion, we will match the new edge bytes and child and
traverse into the new intermediate node; (2) insert or delete,
we will match the same edge bytes and child and retry our
operation; (3) node append, we will match the same edge bytes
and child and retry our node append.

Case CAS-F (CAS failure, frozen) We can infer in this
case that the node that contains this edge or node header is
undergoing node replacement, since that is the only time we
freeze. We cannot just wait for the node replacement to finish,
since that would violate lock-freedom (suppose the thread
that started node replacement died), so we help by performing
node replacement ourselves.

This case may require back-tracking, which we implement
by keeping a stack of edges during traversal: if we failed to
CAS an edge, we need to go up to the containing node, and
then up to the node’s parent edge; if we instead failed to CAS
a node header, we do not need to back-track, as we are already
at the node’s parent edge. Then we perform node replacement,
handling CAS failures recursively according to CAS-UF and
CAS-F. Intuitively, this algorithm is correct because node re-
placement is always safe (§3.3), so even if the current edge
has changed since we first traversed it (e.g., a concurrent edge
expansion SMO created a new node in between), node replace-
ment will at worst be a no-op. We can tell if the current edge is
now unreachable because its frozen bit will be set, in which case
we recurse, potentially all the way to the root—but no further,

744    20th USENIX Symposium on Operating Systems Design and Implementation USENIX Association



because the root edge is never frozen; it is not inside a node.
In practice, we almost never hit case CAS-F, let alone

recursively. Backtracking more than one level requires
multiple node replacement SMOs to occur simultaneously
at consecutive levels of the tree. For perspective, we present
some numbers from our YCSB insert-only workload (§ 4.1)
with 100M random 8B integer keys and 80 threads, which
induces the highest number of SMOs and conflicts. Only 324
of these 100M inserts reach case CAS-F, and none of them
backtrack more than one level. We have never observed more
than two levels of backtracking.

3.6 Deletion

Deletion itself is straightforward due to our update-in-place
design: traverse to the value and CAS the final edge to null. The
difficulty comes from garbage collecting empty nodes. There is
a spectrum of viable options, ranging from fast—assume dele-
tion is rare and do no garbage collection—to slow—scan node
after deletion and perform node replacement if it can be deleted
or compressed, recursing upward if deleted. Garbage collection
can require more memory as garbage builds, while node scan-
ning insures that only in-use nodes occupy allocated memory.

A node scan is required because we have no counter of
non-null children, because having one would create a single
contention point for each node (node header mappings are
orthogonal to whether the edges have non-null children).
Scanning small nodes (Node3, Node15) is cheap, but it is
expensive to scan large ones (Node47, Node256). Another
option is to asynchronously scan the tree and perform node
replacement, which can be done at any time by any thread.

3.7 Scan

Like most concurrent indexes [18, 37, 38, 57], ARCTIC’s range
(and prefix) scans are not linearizable [31]. This is acceptable
in many use-cases; for example, LSM trees [46] in key-value
stores [26] scan when there are no writers, and databases
can use multi-version concurrency control [11, 25]. ARCTIC
does guarantee some weaker properties: a scan observes keys
at most once, in lexicographic order, and observes all keys
(within range) that were inserted before the scan starts, and
not removed before the scan ends.

3.8 Correctness

We first show that our SMOs preserve the prefix tree
invariants (§2.2), namely that for a given prefix there is at
most one node in the tree and that each node in the tree has
exactly one prefix. We also show that we preserve the freezing
invariants (§2.4), i.e., frozen CAS locations are immutable,
and nodes are frozen before unlinking.

For prefix tree invariants, we first observe that the only
way to violate the uniqueness of node prefixes is for a node
to contain an inconsistent mapping, i.e., mapping the same
byte to more than one edge. As explained in §3.3, Node3 and
Node15 prevent this because their mappings fit within a single

CASable header and are updated atomically. Node47 main-
tains consistency through its helping protocol and Node256’s
mapping is trivially consistent. A node can only have more
than one prefix if it is reachable from multiple parents. This is
impossible because ARCTIC SMOs either allocate new nodes
or copy existing children while preserving their prefixes.

For freezing invariants, every CASable location contains
a frozen bit in headers and edges (§3.2), and all update
operations respect it. Furthermore, node replacement freezes
all CASable locations before unlinking, ensuring that no node
can become unreachable before it is fully frozen. Once a node
is fully frozen, no further updates to its CASable locations
can succeed, and therefore its contents become immutable.
Consequently, invariants (§2.4) are satisfied.

Claim 1 (Locality). SMOs in ARCTIC preserve the reacha-
bility and prefixes of their parents and non-null children.

Sketch proof. No SMO modifies memory above its containing
node, so parents are unaffected. Node append and node creation
only make new mappings visible. Edge expansion introduces
a new intermediate node and edge while preserving the reacha-
bility and prefix of the existing child. Node replacement copies
all non-null mappings from the frozen node into the replace-
ment node before unlinking the original node. Since the node
is fully frozen beforehand, its contents cannot change during
replacement and no reachable mapping can be lost. Therefore
every non-null child remains reachable with the same prefix.

This property allows us to reason locally about operations
and ignore interference from concurrent SMOs occurring
elsewhere in the tree.

3.8.1 Linearizability

Claim 2. A successful insert of key k+[b]+k′ linearizes at the
successful CAS that changes the child of the reachable edge
with prefix k+[b] and key k′ from null to the inserted value.
If a value for the same key already exists, then the failed insert
linearizes at the load that observes the existing non-null value.

Sketch proof. After traversal and any required SMOs (§3.5),
insertion reaches an unfrozen reachable edge whose prefix
matches the key.

The successful CAS makes the value reachable from the
root and therefore inserts the key into the logical map. By the
prefix-tree invariants, e is unfrozen and therefore reachable,
and no other reachable edge can correspond to the same key,
so this CAS is the linearization point.

If the child of e is already a non-null value, insertion fails
without modification. Therefore the failed insert linearizes
at the load that reads the existing value.

Claim 3. A successful delete of key k+[b]+k′ linearizes at
the successful CAS that changes the child of the reachable
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edge with prefix k+[b] and key k′ from a value to null. If no
value or key exist, then the failed delete linearizes at the load
that observes the longest matching prefix and determines that
traversal cannot continue or the value does not exist.

Sketch proof. The argument is identical to insertion. The edge
is reachable and uniquely identified by the key prefix. The
successful CAS atomically removes the value and therefore
serves as the linearization point.

If traversal instead observes that the key has no associated
value, either because traversal terminates unsuccessfully or
because the final edge contains a null child, then deletion fails
without modification. The operation linearizes at the load that
observes this absence.

Claim 4. A get of key k+[b]+k′ linearizes at the load of the
matching edge when traversal reaches an unfrozen reachable
edge with prefix k+[b] and key k′. If no such edge exists, the
linearization point is when the operation observes the longest
matching prefix and determines that traversal cannot continue.
Otherwise, the traversal reaches a frozen matching edge, and
the linearization point is the latest point between when the
edge was frozen and when the get operation starts.

Sketch proof. If the edge is not frozen, the claim follows from
the same logic as insert (without executing any SMO opera-
tions). In the second case, traversal terminates at the first point
where the searched key diverges from the tree structure, either
due to a byte mismatch, a missing child, or a missing node
mapping. If the edge is frozen, the reasoning is more delicate.
We know the containing node is reachable (because we reached
it through traversal). The edge is immutable after being frozen
(freezing invariants). This edge must be the only reachable
edge with prefix k+[b] until the containing node is replaced
(prefix tree invariants). Then we have a window between when
the edge is frozen and when the containing node is replaced
where the value under this edge cannot change; we choose the
earliest time in this window as our linearization point.

3.8.2 Lock freedom

We prove by contradiction. Assume there is some execution
for which no executing operation terminates after a certain
point α. In this case, we assume that no operation is invoked
after this point, and given a finite number of running processes,
the set of running operations is also finite. Then:

Claim 5. There is a finite number of freezings of reachable
nodes after α.

Proof. A traversal operation must terminate after finding the
closest prefix of the searched key traversing from the root, an
insert operation must terminate after inserting the relevant key,
or updating the value of that key if it already exists, and a delete
operation terminates once updating the value of the relevant
key edge to null, if it exists. The freezing happens when a node

Figure 6: On the left, we show a concrete example of how an
operation’s key can be correlated with the structure of the tree; the
two get operations in the top left will only access the nodes and
values of their color. On the right, we show how a hazard key could
be refined after traversal to a subtree for a scan operation, or a value
for a point operation.

needs to be expended or compressed during an insertion or dele-
tion. Therefore, since we have a finite number of inserted and
deleted nodes after α, and since freezing is sequentialized on
a node level and irreversible, we can conclude that the number
freezings of reachable nodes after α is finite as well.

Claim 6. There is a finite number of reachable node and
edges changes after α.

Proof. The nodes and edges only change along the insertion or
deletion paths. They are caused due to SMOs or edge updates.
We always keep traversing down the tree, even when CAS
operations fail, unless we spot a freeze. Since freezing is finite
(by Claim 5), we will backtrack up the tree a finite number
of steps, and keep traversing down again. As the number of
nodes and edges in the tree is finite, there is a finite number
of reachable node and edge changes after α.

Claim 7. ARCTIC is lock-free.

Proof. From Claims 5 and 6, after a certain point, there are
no freezings or node and edge changes in the tree. Therefore,
we consider the continuation of the execution that contains no
state or pointer changes of reachable nodes and edges. From
this point, ARCTIC does not change anymore. Since ARCTIC is
finite, every traversal operation eventually ends. Furthermore,
every insert and delete operation must be unsuccessful since no
changes were applied, and so they also terminate. We get a con-
tradiction and therefore, the implementation is lock-free.

3.9 Hazard keys

We propose a new class of safe memory reclamation schemes
by exploiting the correlation between prefix tree operations
and structure. We will briefly introduce the key idea before
discussing tradeoffs relative to existing schemes.

Recall that each node in ARCTIC is labelled with a prefix p
(§2.2). A point operation on key k will only access nodes where
p is a prefix of k; contrapositively, if a node’s prefix p is not a
prefix of k, then operation k will not access that node. The left
side of Figure 6 shows a simple example: here, we can see that
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no operation on key “ad” will access the bottom node (prefix
“ab”),value 2 (prefix “abf”),or value 3 (prefix “abg”). Similarly,
no operation on key “abf” will access value 1 (prefix “ad”).

With this observation in mind, we propose the following
SMR scheme: (1) include a prefix along with retired nodes or
values, (2) publish a hazard key before each operation, and (3)
reclaim allocations that are not protected by a hazard key,where
an allocation with prefix p is protected by a hazard key k if p is
a prefix of k. In other words, hazard keys use logical operations
to cheaply approximate a set of physical hazard pointers [43].

The unique property of hazard keys is that their reclamation
efficiency—how tightly an SMR scheme can bound the
number of retired but unreclaimed allocations—is dependent
on the request and key distribution. Hazard keys can tolerate
thread stalls or oversubscription more gracefully than
epoch-based schemes [29, 47], because a stalled thread
prevents reclamation of a subset of allocations rather than all
allocations. The same distribution-dependence is a liability
under skew: a prefix is unlikely to be protected for long
by uniformly random hazard keys, but could be protected
indefinitely if the hazard keys are heavily skewed (so hazard
keys, unlike their namesake hazard pointers, are not robust;
they admit unbounded unreclaimed memory).

Hazard keys have lower overhead than hazard pointers,
as a single hazard key can be published before an operation,
whereas a hazard pointer must be published (and validated)
before each pointer load. But hazard keys have higher overhead
than epoch-based reclamation, as each retired allocation prefix
must be matched against O(thread count) hazard keys, whereas
an epoch comparison allows an entire batch to be freed.

We demonstrate these tradeoffs in our evaluation (§4.3),
which suggests that hazard keys provide a reasonable balance
of throughput and reclamation efficiency for low to moderately
skewed workloads. There are many extensions outside the
scope of this paper: for example, the right side of Figure 6 de-
picts how a hazard key could be refined at runtime to protect a
subtree or single pointer, reducing the chance of false positives.
Hazard keys could be hybridized with epochs to improve recla-
mation efficiency under high skew. And hazard keys could be
adapted to comparison-based data structures like skiplists, with
retired allocations associated with a key range, and protection
determined by key comparison rather than prefix matching.

ABA problem. ARCTIC contains pointers to nodes and
values. For nodes, we only CAS node pointers during node
replacement (§3.3), after we have traversed into the node and
while we hold a reference to the node, so any SMR scheme
is sufficient to prevent the ABA problem. For values, the value
could similarly be protected by SMR before CASing.

3.10 Optimization

Optimistic traversal. Back-tracking up the tree requires
maintaining a stack of edge pointers during traversal. But a
thread only needs to back-track in the rare case that it fails a
CAS due to freezing. So we always try to perform operations

System Kind Language Lock-free
ARCTIC Trie Rust Y
ART [35, 37] Trie C++ N
DashMap [4] Hash map Rust N
FB+-tree [18] Hybrid C++ N
Wormhole [57] Hybrid C N
Table 1: Properties of the baseline systems in our evaluation.

first without keeping a stack; if we need to back-track, we
restart the operation from the beginning with a stack.

Native integer support. Most radix tree implementations
note that the memory representation of little-endian integers
is not lexicographically ordered, and proceed to byte swap
integers at their API boundary so they work well with internal
byte arrays. Because integer keys are ubiquitous, we instead
implement edge bytes as 8-byte integers, with endianness
matching the key type. Integer keys store bytes from MSB
to LSB independent of endianness, using a big-endian edge,
while string keys use the system endianness. Integer edge
bytes allow for branchless prefix matching, using XOR to diff
the bits and counting leading or trailing zeros.

SIMD. We apply SIMD acceleration in two new places
relative to ART: bitonic sorting [19] of Node15 headers, and
iterating over Node47 headers. We also use SIMD within a
register (SWAR) [34] for branchless lookup in Node3 headers.

4 Evaluation

Our evaluation seeks to answer the following questions:
• How does ARCTIC perform under different key

distributions?
• How does ARCTIC affect the end-to-end performance of

larger systems?
• When are hazard keys a viable option for safe memory

reclamation?
• How effective are ARCTIC’s optimizations?
We will present performance on YCSB [24] work-

loads under a variety of key distributions, performance on
RocksDB [26] and Turso [11] benchmarks after integrating
ARCTIC, memory reclamation efficiency on allocation-
intensive workloads, and an ablation study on basic operations.

Experimental setup. We evaluate on a Chameleon [32] com-
pute_icelake_r650 instance running Ubuntu 22.04.5 LTS and
Linux kernel version 5.15. These instances have two Intel Xeon
Platinum 8380 CPUs; each CPU runs at 2.30 GHz and has 40
cores, 120 MiB LLC, and 128 GiB of DDR4 3200 DRAM.

For reproducibility, we disable hyper-threading and turbo
boost, set the CPU scaling governor to performance, and pin
threads to cores.

Baselines. We compare against the latest ordered indexes we
could find in the literature, along with the best-performing
indexes in their evaluation, summarized in Table 1. ART [35]
is the adaptive radix tree that ARCTIC is based on, using
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Integer Count Description
ipv4 [8] 139M 4 byte IPv4 addresses
seq-u64 100M Sequential 8 byte integers
rand-u64 100M Random 8 byte integers
twitter [2] 100M 8 byte Twitter user IDs
uuid-v4 100M Random 16 byte UUIDv4s
String P50 P90 P99 Max
email [28] 114M 19 25 31 251
url [13] 38M 66 106 171 2045

Table 2: Key distributions, with length distributions for string keys.

ROWEX [37] for synchronization. DashMap [4] is a concur-
rent hash map written in Rust with consistently high throughput
in open-source benchmarks [56]. FB+-tree is a hybrid B+-tree
and trie that supports wait-free search and lock-free update, but
requires locks for SMOs. Wormhole is a hybrid B+-tree, trie,
and hash map with O(logL) search complexity (where L is the
key length). We exclude RDMA indexes ( [38,51,52]) because
their optimizations do not make sense for local shared memory.

4.1 YCSB

We run six YCSB [24] workloads across six key distributions
(Table 2). Our YCSB workloads are standard: Load is 100%
insert, YCSB-A is 50% read and 50% update, YCSB-B is
95% read and 5% update, YCSB-C is 100% read, YCSB-D is
95% read and 5% insert (skewed toward latest insertions), and
YCSB-E is 95% scan and 5% insert. We use the default Zipfian
request distribution with skew factor 0.99 and execute 100M
operations. For values, we use 8-byte integers to reduce noise
from memory allocation. In order to demonstrate ARCTIC’s
scalability, we evenly interleave memory and cores across
NUMA nodes; in order to demonstrate scalable performance
and lock-freedom, we evaluate at thread counts up to double
the physical core count. We will briefly describe some of the
key distributions (summarized in Table 2) before analyzing
the YCSB results.

IPv4. We use 139M IPv4 addresses from the Stanford Internet
Research Data Repository [50], extracted from the saddr field
of trial1_http_stanford64_zmap.json.lz4.

Twitter. We use 100M Twitter user IDs from a pub-
lic Kaggle dataset [3], extracted from the ID field of
twitter_users_20[0-9].idscreenname.csv. Twitter
user IDs (snowflake IDs [2]) are 63 bits, and can be generated
without global coordination while providing a meaningful
total order. An ID consists of—from most significant bit to
least—a 41-bit timestamp, 10-bit machine ID, and a 12-bit
machine-local sequence number.

Email. We use 100M emails from a public dataset [28], which
we clean by matching against a regex [7], and preprocess by
reversing the domain [38].

Url. We use 38M URLs from a public dataset [13], which we
clean by removing URL query parameters.

For each combination of YCSB workload and key distri-

bution, Figure 7 presents throughput vs. thread count (left
columns) and peak memory usage (right-most column). ARC-
TIC excels at operations on integer keys, only losing a few times
to DashMap. For string keys, ARCTIC provides competitive
throughput on write-heavy workloads, but its read performance
falls off as tree depth grows linearly with key length. Note that
seq-u64 keys are optimal for ARCTIC structure (minimal depth,
maximal Node256 count) and performance; we established
with perf that YCSB-Load and YCSB-A with seq-u64 keys
bottleneck on kernel-level page table contention (allocating
new Node256 nodes) and hardware-level cache line contention
(CASing final edges), respectively.

ARCTIC performs notably well on YCSB-A because
updates modify minimal shared memory, only CAS-
ing the final edge to a value. We estimate cache line
contention with hardware performance counters for hit
modified events (mem_load_l3_hit_retired.xsnp_fwd +
mem_load_l3_miss_retired.remote_hitm): ARCTIC averages
0.5 events per YCSB-A operation across all keys, which is
consistent with a single CAS per update, and is a geomean
reduction of 2.6× relative to DashMap, 3.0× relative to FB+-
tree, 3.8× relative to Wormhole, and 1.2× relative to ART.

ARCTIC achieves high throughput on YCSB-C in part
through native integer key support, replacing memcpy and
memcmp with efficient register moves and branchless prefix
matching (§3.10), respectively. For example, for uuid-v4 keys,
ARCTIC averages just 0.17 branch misses per operation, which
is an increase of 1.14× relative to DashMap, but a decrease
of 12× relative to FB+-tree, 7.8× relative to Wormhole, and
2.5× relative to ART.

ARCTIC maintains throughput when threads are oversub-
scribed (past 80 threads), demonstrating its lock-free progress
guarantees. Lock-based baselines exhibit some noticeable
throughput losses, like ART in YCSB-B, and DashMap and
Wormhole (which uses spinlocks) in YCSB-D. FB+-tree
locks for insertion and removal, but not reads or updates; its
throughput is stable because its SMOs are infrequent and its
spinlocks implement backoff.

ARCTIC’s memory overhead is highly dependent on the key
distribution, but generally comparable to ART and higher than
other indexes. ARCTIC has low memory overhead for seq-u64
keys due to its dense Node256 nodes, and for string keys due
to key bytes being shared along edges. ARCTIC has higher
memory overhead for integer keys because its nodes and edges
are large relative to the key size.

4.2 RocksDB and Turso

RocksDB [26] is a widely used persistent key-value store
backed by an LSM tree [46]. LSM trees typically have
an in-memory index component (memtable in RocksDB).
RocksDB’s default memtable is a lock-free concurrent skiplist,
which we swap out for ARCTIC. We run RocksDB’s bulk load
benchmark, which inserts 100M randomly generated 20-byte
keys and 400-byte values with write-ahead logging disabled.
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RocksDB Throughput (ops/sec)
Threads 1 2 4 8
skiplist 337K 413K 535K± 10% 754K
arctic 1.36× 1.40× 1.13×± 16% 1.05×

Turso Throughput (ops/sec)
Threads 1 2 4 8
skiplist 160K 240K 269K 254K
arctic 1.08× 1.10× 1.08× 1.12×± 7%

Table 3: Average end-to-end throughput of RocksDB and Turso bulk
load benchmarks when using original skiplist indexes vs. ARCTIC.
Standard deviations under 5% are omitted.

Turso [11] is an open-source rewrite of SQLite in Rust.
Turso supports concurrent writes via multi-version concur-
rency control (MVCC). The MVCC index uses a lock-free
skiplist [6] to (1) map 16B row IDs to lock-synchronized row
version data, and (2) map 8B transaction IDs to transaction
metadata. We substitute these skiplists for ARCTIC and run
Turso’s multi-writer benchmark, which transactionally inserts
100K batches of 100 rows (one sequential integer and one
short string per row).

Table 3 displays the end-to-end throughput of these two
benchmarks using the original skiplists, and the relative
throughput after switching to ARCTIC. On these workloads,
ARCTIC improves RocksDB throughput by up to 1.40×, and
Turso throughput by up to 1.12×. To better understand these
results, we run RocksDB with internal performance counters
enabled, and Turso with perf record. Figure 8 shows how
ARCTIC consistently reduces time spent in index operations at
all thread counts, but has less impact on end-to-end throughput
at higher thread counts due to other system bottlenecks.

4.3 Hazard keys

To explore how hazard key reclamation efficiency varies
with request distribution (§3.9), we run some SMR-intensive
workloads—YCSB-A and YCSB-B with rand-u64 keys and
8-byte allocated values—and measure the peak number of
retired but unreclaimed allocations. As baselines, we substitute
hazard keys with crossbeam-epoch [5], a popular implemen-
tation of epoch-based reclamation [29] (EBR), and seize [12],
a third-party implementation of Hyaline [45] (a hybrid of EBR
and reference counting). For fairness, we configure all three
with a retired batch size of 256 (crossbeam-epoch defaults to
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64, and seize to 32). (On YCSB-A at 80 threads, this batch
size improves throughput by a geomean of 9.5% and 2.8×
for crossbeam-epoch and seize, respectively, and affects peak
garbage by -24% and +38%.)

Figure 9 shows that hazard keys can reclaim memory
more efficiently than epoch-based alternatives when threads
are oversubscribed, but only if the skew is low. At Zipf
0.99 and 100 threads, hazard keys reduce peak garbage by
5.6×-19× relative to baselines while retaining throughput
close to crossbeam-epoch (+1.3% for YCSB-A, -12% for
YCSB-B). Hazard keys can tolerate higher skew as the read
proportion increases. The gap widens with thread count: EBR
and Hyaline leave progressively more garbage as threads are
added, and especially once they oversubscribe physical cores,
because a single stalled thread blocks reclamation globally.

Under ideal conditions for all SMR schemes (Zipf 0.99, 80
threads), hazard keys incur throughput decreases of 7.2% and
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Figure 10: Effect of optimizations on ARCTIC operation throughput
at 80 threads. Reads and scans use the default Zipf 0.99 skew from
YCSB. baseline disables all optimizations; +path is optimistic
traversal, which avoids maintaining a stack during insertion; +int
is native integer support, as opposed to treating integer keys as byte
arrays; and +simd uses SIMD for node header lookups and scans.
The baseline is annotated with the absolute throughput; other bars
are annotated with throughput relative to the baseline.

6.3% relative to crossbeam-epoch for YCSB-A and YCSB-B,
respectively, which is similar to seize (12% and 8.4%).

4.4 Ablation study

Figure 10 shows the effect of ARCTIC’s optimizations (§3.10),
applied cumulatively. Optimistic traversal (+path) helps only
insertion (1.3× for seq-u64 keys, 1.2× random), as reads
never back-track; the effect is larger for seq-u64 keys as
threads insert disjoint key ranges, and almost never take the
pessimistic path. Native integer keys (+int) reduce branches
and instructions in the critical path of traversal, benefiting all
operations and both keys. SIMD (+simd) has little effect on
seq-u64 keys—these trees are primarily composed of dense
Node256s that can be directly indexed by key bytes—but
rand-u64 keys see more benefit due to SWAR acceleration of
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Node3 header lookup. Scans, bounded by memory bandwidth,
are insensitive to all three optimizations (under 1.05×).

5 Related Work

Lock-free adaptive radix trees. To the best of our knowl-
edge, there are three other ART variants that claim lock-
freedom: DART [61] (published concurrently with ARCTIC)
and SMART [38] target remote direct memory access (RDMA),
while HEART [44] targets persistent memory (PM). SMART
side-steps read-unlink races at the cost of memory usage: it uses
a single (maximally sized) layout for all nodes, and does not re-
claim empty nodes. DART and HEART make a similar observa-
tion to ARCTIC that edge expansion SMOs can be made atomic
by shifting edge bytes from child node headers to parent edges,
but neither takes advantage of 128-bit atomics, and neither sys-
tem is truly lock-free. HEART embeds versions in parent edges
to coordinate unlinking of child nodes, but writers can block
between version changes. DART similarly uses parent edges to
coordinate, but embeds a frozen bit instead of a version. DART
also introduces a grace period mechanism to allow progress in
the common case, but writers can still block if node replace-
ment stalls. The key distinction between ARCTIC and DART,
which both nominally freeze nodes, is that ARCTIC freezes the
contents of a node, while DART freezes the parent edge of a
node. ARCTIC ensures every future update to a node will fail,
guaranteeing immutability, whereas DART (and HEART) have
a fundamental race condition between updating a node and
loading its parent edge. ARCTIC also proposes a deterministic
node replacement algorithm that any thread can use to help
complete an in-progress node replacement without blocking.

Lock-based and lock-free designs. Concurrent ordered
indexes have a long history of trading performance for
progress guarantees. Classic high-performance trees such as
Masstree [40] and other B+-tree variants rely on fine-grained
locking or optimistic lock coupling: they scale well in practice
on read-heavy workloads, but contended updates can still
block, and careful engineering is required to avoid deadlock
and priority inversion. Lock-free designs such as Bw-tree [55]
reduce blocking by replacing in-place updates with delta
records and indirection through mapping tables, but this
complicates traversal and increases pointer chasing.

Other index families like skiplists and binary search trees
are typically composed of smaller nodes relative to B+-trees,
which makes lock-freedom easier to achieve, but ultimately
limits their performance on modern hardware.

ARCTIC provides lock-freedom while preserving the cache
efficiency of non-concurrent adaptive radix trees.

Safe memory reclamation (SMR). Safe memory reclama-
tion (SMR) for lock-free data structures is vital for high
performance. Hazard pointers [43] provide portable lock-free
reclamation but incur per-access pointer publishing and
global scans, imposing performance overheads on read-heavy
workloads [23]. Epoch-based reclamation (EBR) amortizes

costs by tracking quiescent states, but can leak memory in
the presence of stalled threads [21, 30]. New SMR schemes
like Optimistic Access [23] and AOA [22] automate or
streamline reclamation for normalized lock-free algorithms.
Hyaline attains near-EBR throughput with hazard-pointer-like
robustness and bounded memory usage [45].

SMR and persistent memory. Several systems co-design
their data structures with safe memory reclamation (SMR)
and persistent memory (PM) constraints in mind. NBTree [60]
introduces a lock-free B+-tree tailored to eADR-enabled PM.
Elimination (a,b)-trees [49] (OCC-ABtree and Elim-ABtree)
feature publishing elimination so concurrent inserts and
deletes on the same key can cancel each other, dramatically
cutting writes. These trees are durably linearizable and still
nearly as fast as the volatile versions. Jiffy [33] is a lock-free
skiplist–based ordered index that supports batch updates
and linearizable snapshots. UPSkipList [20] provides a
recoverable lock-free skiplists by adding epoch tags to nodes
so that after a crash, threads can distinguish in-progress
updates from stale, inconsistent state and repair accordingly,
preserving correctness and scalability on NUMA PMEM
machines. Easy Lock-Free Indexing in NVM [53] uses a
persistent multi-word CAS primitive to build both a lock-free
Bw-tree and a lock-free skiplist record store on PM.

6 Conclusion

ARCTIC is a lock-free adaptive radix tree that supports
range and prefix scans while preserving a cache-friendly,
low-indirection layout. By reorganizing its metadata to
accommodate 128-bit atomic operations, ARCTIC maintains
its structural invariants without extra pointer chasing or read-
copy-update, making it practical to deploy in latency-sensitive,
highly concurrent software.
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