When Tree Meets Hash: Reducing Random Reads for Index
Structures on Persistent Memories

KE WANG, Shanghai Qi Zhi Institute, China and Yale University, USA

GUANQUN YANG, Shanghai Qi Zhi Institute, China and New York University, USA
YIWEI LI, Tsinghua University, China

HUANCHEN ZHANG, Tsinghua University, China and Shanghai Qi Zhi Institute, China
MINGYU GAO, Tsinghua University, China and Shanghai Qi Zhi Institute, China

Indexing structures are widely used in modern data-processing applications to support high-performance
queries, and there are a variety of recent designs specifically optimized for the newly available persistent
memory (PM). The primary focus of previous PM indexes is on reducing the expensive PM writes for persisting
data. However, we find that in tree-based PM indexes, because of the smaller performance gap between writes
and random reads on real PM devices, the read-intensive tree traversal phase dominates the overall latency.
This observation calls for further optimizations on existing indexing structures for PM.

In this paper, we propose Extendible Radix Tree (ERT), an efficient indexing structure for PM that signifi-
cantly reduces tree heights to minimize random reads, while still maintaining fast in-node search speed. The
key idea is to use extendible hashing for each node in a radix tree. This design allows us to have a relatively
large fanout of the radix tree to keep the tree height small, and also to realize constant-time lookups within a
node. Using extendible hashing also allows for incremental node modification without excessive writes during
inserts and updates. Range queries are efficiently and robustly handled by enforcing partial ordering among
the keys in the hash table of each node without introducing more hash collisions. Our experiments on both
synthetic and real-world data sets demonstrate that ERT achieves up to 2.65x, 4.41x, and 2.43x speedups for
search, insert, and range queries over the respectively state-of-the-art PM index.
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1 INTRODUCTION

Indexing structures provide a fundamental mechanism for quickly accessing records in a dynamic set.
They are essential to achieve high performance in data-processing applications, such as relational
databases [2, 26, 46, 56], key-value stores [11, 25, 27, 49, 57], and big data analytics [21, 31, 54].
Meanwhile, persistent memory (PM) technologies such as phase-change memory [40, 53] and
3D XPoint [16] are gaining more and more attention when building high-performance systems.
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Fig. 1. Latency breakdown for insert operations on several state-of-the-art tree-based PM indexes [18, 22,
29, 32] and our design ERT. We use the Facebook user ID data set.

PM allows for byte-addressability with attractive features such as durability, high capacity, and
relatively low latency. To leverage this technology, researchers have proposed a variety of indexing
structures specifically optimized for PM [3, 8, 18, 22, 29, 30, 32, 35, 37, 52, 58, 59].

The primary focus of previous proposals for PM indexing structures has been to reduce write
traffic while ensuring crash consistency. This is based on the assumption that the write bandwidth
for PM is limited [30, 47, 51]. However, recent experiments on real PM products, such as Intel
Optane DC PMM [19], show that the bandwidth for writes with clwb (i.e., cache line write back) is
only 2 — 3x lower than that for reads [47]. Moreover, architectural enhancements such as on-device
write buffering and request scheduling have enabled writes with clwb to exhibit even lower latency,
up to 5% lower than random reads on PM [51]. These observations on real PM devices, together
with the substantial algorithmic optimizations in state-of-the-art PM indexing structures, lead
us to question whether write accesses continue to be the only dominating factor that limits the
performance of tree-based indexes on PM.

We, thus, conducted a benchmark on a group of state-of-the-art tree-based PM indexes using
real-world data sets. Figure 1 illustrates the breakdown of latency for insert operations. We notice
that existing PM indexes spend most of their execution time (60.0% to 71.3%) performing tree
traversals instead of node updates. Tree traversals involve multiple costly random accesses per
query, and the number of random PM accesses during an index operation depends heavily on the
tree height. One can increase the node fanout to reduce the tree height, but such an adjustment
typically slows down the in-node search and in turn hurts the overall index performance.

This paper presents Extendible Radix Tree (ERT), an efficient indexing structure designed for PM
that minimizes random accesses to PM and thus outperforms previous solutions. The key idea is to
adopt the extendible hashing scheme in each node of a radix tree. This design allows us to increase
the fanout of the radix tree (and therefore reduce the tree height) while keeping the in-node search
fast. Additionally, the use of extendible hashing allows incremental index size growth without the
need for a full hash table rebuild during resizing. Such a property avoids excessive data copying
when updating the node.

To support efficient range queries, we extract the bit slices directly from the original keys to
index the extendible hashing structure, instead of using a traditional hash function. This ensures
that the keys in each ERT node are partially sorted. The probability of a hash collision when using
the real key bit slices is still minimized because of the backbone radix tree’s ability to compress
the common prefixes of the keys. This ensures robust performance even against pathological key
distributions. ERT further applies a multi-granularity structure in the node hash table [35] to allow
for better tradeoffs between performance and memory efficiency, and also to match the read/write
granularities in real-world PM devices. Finally, we carefully implement ERT so that it guarantees
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Fig. 2. Comparison of operation performance and memory efficiency among different indexing structures.
Results are averaged over all benchmarks we evaluate, and normalized over LB+Trees. See Section 4 for
more detailed evaluation.

crash consistency and scales well in a multi-threaded environment. The implementation of ERT is
available at https://github.com/tsinghua-ideal/ExtendibleRadixTree.

We evaluated ERT using both synthetic and real-world data sets. Compared to state-of-the-art
designs including FAST&FAIR [18], LB+Trees [29], WORT [22], WOART [22], and ROART [32],
ERT exhibits superior performance for inserts (up to 4.41x and on average 2.11X against the second
best), point queries (up to 2.65% and on average 2.14X), and range queries (up to 2.43% and on
average 1.65X). Meanwhile, ERT also achieves comparable memory efficiency to the competitors
above. Figure 2 summarizes the strengths and weaknesses of the different PM index categories
based on our evaluation results, with LB+Trees and ROART as the representatives for B+Tree and
radix tree variants, respectively.

The contributions of this paper are as follows.

e We identify that random reads (rather than writes) are the dominating factor that prevents
current PM indexes from achieving higher performance.

e We propose a novel indexing structure ERT that integrates extendible hashing into a radix
tree to reduce the number of random PM accesses during tree traversals while keeping range
queries and node updates efficient.

e We demonstrate that ERT outperforms state-of-the-art solutions for common index operations
under a variety of workloads.

The rest of the paper is organized as follows. Section 2 introduces the background of PM and
indexing structures on PM, and also identifies the key performance bottlenecks which motivate
our novel design philosophy. Section 3 proposes our design, Extendible Radix Tree (ERT), with
detailed description of its structures, operations, parameter selection tradeoffs, and various feature
support. Section 4 empirically evaluates ERT using both synthetic and real-world benchmarks and
demonstrates its superior performance and efficiency. Section 5 compares ERT to related previous
work, before we conclude the paper in Section 6.

2 BACKGROUND & MOTIVATION

Emerging persistent memory (PM) promises low latency, high capacity, and byte-addressability,
which makes it attractive to store indexing structures for large-scale data-processing applications.
Data stored in PM are durable and can survive power failures and system crashes. However,
software is responsible to ensure crash consistency, meaning that data stored in PM must be in a
consistent state after recovery from a crash. Because PM only guarantees an 8-byte failure atomicity,
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Fig. 3. Search performance of PM B+Trees [18, 29] when using different node fanout sizes, measured on a
uniformly distributed dataset with 8-byte keys.

software must order PM writes using explicit memory fence (mfence, 1fence, sfence) and cache
line flush/writeback (c1flush, c1flushopt, clwb) instructions to avoid seeing partially-updated
states after crash recovery. These extra instructions, however, often impose significant performance
overheads due to the high cost of PM writes, making them a major optimization target when
designing an indexing structure for PM [8, 20, 37]. Moreover, commercial PM devices organize
their storage in blocks that are usually larger than a 64-byte cache line, e.g., 256 bytes [47, 51].
Therefore, while a read still accesses 64 bytes, every write would need to update 256 bytes, resulting
in different read/write granularities compared to DRAM.

Most prior work tried to modify DRAM-based indexes to make them work efficiently on PM [3,
8, 18, 22, 29, 32, 37, 52, 58]. The focus is on reducing PM writes and persist cost (i.e., memory
fences and cache line flushes). To ensure the aforementioned crash consistency when performing
a structural modification operation (SMO), these solutions carefully order the atomic PM writes
so that they can avoid write-ahead logging. For instance, FAST&FAIR [18] utilized dependencies
between consecutive write operations to enforce the order of PM writes, which allowed it to only
invoke cache line flushes when crossing cache line boundaries. It also proposed in-place update
and rebalance operations to avoid logging during the node split process. LB+Trees [29] performed
more word-granularity writes per cache line and reduced the number of cache line writes and
flushes, based on the observation that the number of modified words in a cache line does not affect
the performance of PM writes. ROART [32] minimized its persist overhead by adopting several
optimizations like entry compression, selective metadata persistence, and minimally ordered split.

When the persist overhead has been minimized for PM indexes, new performance bottlenecks
emerge. We benchmarked five state-of-the-art PM indexes, including two B+Trees (FAST&FAIR [18]
and LB+Trees [29]) and three radix tree variants (WORT [22], WOART [22], and ROART [32]). This
benchmark performs an insert-only workload on the Facebook user ID data set [41]. According
to the latency breakdown shown in Figure 1, around 70% of the time for an insert operation is
spent on the root-to-leaf tree traversal, which mainly involves random PM reads. The percentage
would be even higher for lookup and range query operations that do not have the node update part.
Minimizing the number of random PM reads, therefore, becomes the new primary optimization
target for PM indexes to achieve further performance improvement.

A natural thought is to lower the index tree height so that each operation performs fewer pointer
dereferences (random reads). However, simply increasing the node fanout would not suffice because
it slows down the (binary) search within each node. Previous work proposed several optimizations
to speed up in-node search. For example, FpTree [37] introduced a one-byte fingerprint for each
key and formed a fingerprint array in every leaf node. Then, an in-node search could scan the
fingerprint array first to avoid unnecessary PM reads. LB+Trees [29] improved this idea further
by reorganizing the layout of the fingerprints to facilitate record moves and node splits. These
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optimizations, however, are “relieves” rather than “cures” because scanning the fingerprints would
quickly become the new performance bottleneck as the node size increases. We measured the
point query throughput of LB+Trees [29] and FAST&FAIR [18] using uniformly distributed keys
while varying their node sizes. As shown in Figure 3, neither index could perform well with large
nodes. The throughput of LB+Trees peaks at 2048 bytes per node while that of FAST&FAIR drops
consistently after a 512-byte node size.

The same dilemma applies to radix trees, too. A larger fanout means that every radix tree level
“consumes” a longer key slice and, therefore, reduces the number of levels. However, a larger node
leads to either performance degradation or memory space waste in a radix tree. If the node layout
is an array of branching labels (e.g., Node4 or Node16 in ART [24]), enlarging the node size would
incur more cache misses during the in-node search (similar to B+Trees). Alternatively, if the node
is implemented using a fixed-length bit vector (e.g., Node256 in ART), the space consumption
would rise exponentially as the node fanout increases. HOT [6] proposed to combine a subtree (i.e.,
multiple BiNodes) into a compound node to enable a consistently high fanout, thus achieving a
lower tree height. This approach, however, would become suboptimal when applied to PM, because
it introduces complex bit operations (mainly involving updating the “discriminate bits”) during
insertion, leading to a high write amplification (must perform copy-on-write rather than in-place
update) to guarantee crash consistency.

Our approach. We argue that a better way to achieve both low tree height and fast in-node search
is to integrate hash tables into radix trees. Specifically, each radix tree node can be implemented
as a hash table. In this way, we can significantly increase the node fanout without sacrificing the
in-node search performance, because hash tables guarantee constant-time lookups regardless of
the number of records stored.

Nevertheless, there are two additional challenges associated with such a design. First, hash table
resizing caused by node expansion, merge, or split would need to reorganize all the existing records
in the node, resulting in excessive data copying on PM, and slowing down inserts and updates to
the index. As detailed in Section 3, we solve this challenge by leveraging extendible hashing [13]
where the size of the hash table can grow/shrink incrementally without an expensive full rebuild.

The second challenge is to support efficient range queries despite that the key slices stored in
a node are out of order. In a typical hash table, consecutive keys, e.g., 0000, and 0001,, may be
hashed to completely arbitrary places, and their orders are not preserved. This makes range query
processing difficult to implement, as there is no easy way to locate the next key in the range directly
from the position of the current key. The solution we propose to this challenge is to directly use
the most significant bits obtained from the real keys (without invoking a hashing function) to
index the extendible hash table, so that the records are partially sorted. This approach, however,
may cause more hash collisions for skewed key distributions. Fortunately, this issue can be largely
alleviated by the inherent prefix compression of the radix tree, which ensures that the key slices in
each radix tree node do not share a common prefix. We also adopt a hierarchical node structure
with a different ordering guarantee at each granularity to better balance hash collisions and range
query efficiency. Our experiments in Section 4.2 show that the performance of our design is robust
against worst-case densely-distributed keys.

We name the above design the Extendible Radix Tree (ERT). In the next section, we will elaborate
on how we forge a radix tree and extendible hashing together to achieve the best of both worlds.

3 EXTENDIBLE RADIX TREE

Extendible Radix Tree (ERT) is a novel design that judiciously combines the advantages of existing
indexing structures and meticulously addresses the challenges outlined in Section 2. To the best of
our knowledge, ERT is the first data structure that integrates hash tables into a radix tree while
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Fig. 4. Overall structure of Extendible Radix Tree (ERT).

carefully balancing various tradeoffs, such as tree height vs. in-node search speed, and range query
performance vs. memory utilization. This section presents the detailed design of ERT. We begin by
giving an overview of ERT (Section 3.1). We then introduce its node structure (Section 3.2), and
show the details of different operations on ERT, including search, insertion, and range queries
(Section 3.3). We discuss the key parameter selection tradeoffs in ERT (Section 3.4), most importantly,
the bit slice length of each radix tree level and the hierarchical node structure granularities, to
match PM device access characteristics and to ensure robust range query performance. Finally, we
talk about how ERT supports crash consistency, concurrency, and memory safety (Section 3.5).

3.1 ERT Overview

Figure 4 shows the overview structure of ERT. Essentially, ERT is a radix tree but with a much
larger fanout (storing up to 2% keys per node) compared with traditional radix trees (up to 256 keys
per node). Each level of the tree corresponds to a bit slice from the key, referred to as the subkey,
and the length of the subkey is called the span. Each node uses the subkey to index its internal
node structure to determine the child node in the next level.

ERT supports variable-sized keys by adopting different numbers of tree levels for different key
sizes. For example, if the span is 32 bits, a 64-bit key can be stored at level 2 and a 128-bit key can
be stored at level 4. ERT further supports path compression and lazy expansion as in a typical radix
tree, so that records could be stored at any level in the tree, as illustrated in Figure 4. For example,
a 128-bit key can be also directly stored at level 1. A comprehensive summary of how to search a
key in ERT is described in Section 3.3.

The main goal of ERT is to reduce the tree height while at the same time maintaining efficient
in-node search. To achieve this, we utilize extendible hashing in each tree node to facilitate fast
in-node search. This allows us to use a wide span at each tree level, e.g., 16 to 32 bits, and still
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achieve constant search time within each node. With this much larger span, a typical ERT is very
shallow, only requiring up to two (32-bit span) to four (16-bit span) levels for the common 64-bit
keys. Another benefit of using extendible hashing is that compared to normal hash tables, it could
eliminate the excessive PM writes of a full table rebuild when resizing is needed, and allows for
dynamic and incremental increases in node size without significant memory space waste.

Directly adopting the vanilla extendible hashing scheme does not support efficient range query
processing. Therefore, in ERT, instead of the hashed value, we use the subkey itself, and take the
most significant bits (MSBs) from it rather than the least significant bits (LSBs), to index the internal
structures of the extendible hash table. In other words, we only preserve the structure of extendible
hashing without using a traditional hash function. This scheme is able to create some ordering
between the subkeys stored in the node and, therefore, prevents range queries from scanning
excessive amounts of unnecessary records (Section 3.3). For example, if we use the most significant
two bits of the subkey as the index, all the subkeys with a prefix of 01, would be placed after those
smaller subkeys with the prefix of 00;. A range query can thus first obtain all the groups of records
with their key prefix bits overlapping with the queried range, and then filter only within these
small amounts of records.

A potential concern of not using a traditional hash function in the extendible hashing is that it
may cause excessive collisions for skewed data sets. However, such a penalty is much alleviated by
the following two design features. First, the backbone radix tree of ERT is actually quite friendly
to skewed data sets due to the path compression capability. Essentially, the same prefix of the
skewed keys, which is usually detrimental to hash tables, is compressed along the radix tree path,
and only the remaining subkey bits are distributed in the extendible hash table of a tree node.
Second, to further resolve hash collisions when the short subkey in each node is still skewed, ERT
applies a hierarchical node structure similar to the state-of-the-art PM hash table CCEH [35]. It
uses two granularities with different index bit selections from the subkey, i.e., adding an extra
segment level, in order to achieve a better balance between the hash collision rate and the ordering
requirement of range queries. This hierarchical structure also has another benefit that matches
well with the different read and write granularities in commercial PM devices [35]. Section 3.4
discusses the subkey length selection and the node granularities in more detail, which would affect
the aforementioned performance tradeoffs. Section 4.2 empirically shows that ERT performs even
better on the skewed (dense) data set than on the sparse set.

3.2 ERT Node Structure

We first explain the layout of our node structure design, and later describe the operations with
more complete details in Section 3.3. Figure 5 shows the detailed node structure of ERT. Each node
consists of a 16-byte header and an extendible hash table.

The first 8 bytes in the header are used for crash-consistent path compression of the radix
tree [22], containing a 1-byte depth field, a 1-byte prefix length field, and a 6-byte prefix
array field. The depth field denotes the true level of this node in the tree, i.e., the subkey bit slice
position in the full key, rather than the depth of its parent plus one. The depth of the root node is 0.
The prefix length and prefix array fields are used for the hybrid path compression scheme as
in ART [24]. Specifically, prefix length stores the common key prefix length and prefix array
stores (part of) the common key prefix. If the key prefix fits in the header (less than 6 bytes), we
compare the queried key to it before proceeding to the next level (pessimistic). Otherwise, we only
use the length and delay the exact comparison to the end when finally reaching a stored record
(optimistic). For the next 8 bytes in the header, a pointer field directly points to the record whose
key fully and exactly matches the prefix array. Because current processor architectures only
use 48-bit virtual addresses, we repurpose the remaining 2 bytes to store the state bits including
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Fig. 6. Examples of the ERT node extendible hash table structure and its insert operations.

the lock and the extendible hash table global depth value (explained shortly). Note that global
depth is a parameter of extendible hashing, and depth is a parameter for the radix tree. Overall
the header can be densely compacted within 16 bytes.

The central part of an ERT node is the extendible hashing structure to index a subkey in the
node. ERT makes several changes to the vanilla extendible hashing structure. First, similar to the
state-of-the-art PM hash table design CCEH [35], in addition to the global directory and the buckets
in a vanilla extendible hash table, we add an extra intermediate layer named segments, as shown
in Figure 5. Each slot in the global directory points to a segment, and each segment consists of
several buckets. This is different from a vanilla extendible hash table, where the global directory slot
directly points to each bucket. The two levels of segments and buckets in ERT could better match
the different read and write granularities of commercial PM devices [35], which we discuss further
in Section 3.4. Second, as mentioned before, we use the plain subkey directly, without applying a
hash function. And instead of using the LSBs of the key hash as in a typical extendible hash, we
use the MSBs of the subkey to index into a segment. This allows us to better support range queries.

Putting things together, in a node in ERT, we use the G MSBs of the plain subkey to index to one
of the 2¢ segments following the pointer stored in the global directory. Within the segment, we
use the B LSBs of the subkey to index to a bucket. G is the global depth stored in the header. As
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records are continuously inserted, the global depth can increase dynamically and incrementally by
doubling the directory size (see below for details), in order to accommodate more segments and
buckets. On the other hand, B keeps as a constant, so a segment contains a fixed number of buckets.
Each segment also maintains a local depth as in typical extendible hashing, which indicates the
common prefix bit length of the subkeys in this segment and must be equal to or less than the
global depth. When the local depth of a segment is smaller than the global depth, this segment is
shared by multiple global directory slots, and the subkeys in it could match multiple G-bit prefix
bit slices that correspond to these global directory slots. For example, when G = 3 and a segment is
shared by the global directory slots 100,, 101, 1105, and 111, its local depth is 1, meaning that
only the first MSB is the common prefix of the subkeys in this segment.

Figure 6(a) shows an example of the ERT extendible hashing scheme, with two segments, two
buckets per segment, and each bucket can store up to two records. In this example, G = 1 and
B =1, and both segments’ local depths are equal to the global depth. Assume we want to search
for a key 0111,. We first locate segment SO in the directory through the MSB 0,. Then we access
bucket 1 in SO following the LSB 1. Finally we scan the bucket to find the record.

Insertion is more complicated and may result in node structure changes. We first find the target
bucket as in search. If the target bucket is not full, we directly insert into it. Otherwise, as in
Figure 6(b) when inserting key 0010,, we find bucket 0 in SO0 is full. We then need to split the
segment into two to allow for more spaces to accommodate more keys (segment splitting). However,
in this case the segment’s local depth is equal to the global depth, meaning there is no empty space
in the directory to store the additional segment pointers. We need to first increment the global
depth to 2 and double the directory size (directory doubling). A new segment S2 is allocated for
prefix 01, and the original SO only keeps the keys with prefix 00,. Both segments SO and S2 now
have their local depth values as 2. On the other hand, S1 is kept unchanged, shared by both the 10,
and 11, slots in the directory, and has the local depth as 1 which is smaller than the global depth.
If we further insert key 1011, in Figure 6(c), we can directly split segment S1 without directory
doubling; the new segment S3 can be stored in the 11, slot in the directory. To summarize, there are
three cases for an insert operation, in the order of increasing complexity: direct insertion, segment
splitting, and directory doubling.

When migrating keys between segments for segment splitting (e.g., 0110, and 0111, from SO0 to
S2, and 1110, and 1111, from S1 to $3), ERT uses lazy deletion, and does not delete the migrated
keys in the old segment to reduce extra writes to PM. There is no correctness issue because they
will not match the expected prefix (because the prefix length is determined by the local depth) and
can be easily filtered out during search.

For range queries, assume we want to search for keys between 0111, and 1100, in Figure 6(c).
We first locate the leftmost segment S2 and the rightmost segment S3 which contain the begin and
end keys. Scanning these two segments, we find 01115 in S2 is in the range and there is no key in
S3 in the range. Besides these two edge segments, we return all the keys in the segments between
S2 and S3, i.e., 1000, and 1011, in S1 in this example. Combing both parts, we return three keys as
the final results, 0111, 1000, and 1011,. We do not need to scan segment S0 because all the keys
in it have the same prefix 00,, which does not overlap with the queried range.

As another optimization, in Figure 5, we append the extendible hashing global directory to
the ERT node header in one contiguous memory space. This saves one pointer dereference and
improves cache line utilization. However, the downside is that when the directory gets doubled,
the header must be copied together and result in extra writes. We argue that such overheads are
negligible. When the directory is initially small, e.g., with only 2 to 4 slots, the total size of the
header plus the directory is smaller than the minimum PM write granularity of 256 bytes, and thus
causes no extra writes. When the directory has grown large, the fixed 16-byte header will then only
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Fig. 7. An example of ERT structure. The tree uses a span of 16 bits.

be a small portion. In fact, after n times of directory doubling, the header results in just O(n/2")
data writes relative to the directory itself.

We remark that the global depth G of extensible hashing in each tree node is automatically
adjusted according to the key distribution, following the extendible hashing algorithm. It does not
affect point query performance as we use the MSBs of the subkey to directly index the directory to
access the segment. On the other hand, it may affect the efficiency of range queries. With a larger
global depth, each segment in ERT represents a smaller range so that it provides a better partial
ordering of the keys in the node, thus achieving better range query performance.

3.3 ERT Operations

In this section, we illustrate the point query, range query and insert operations in ERT in detail.

Point query. Each point query starts from the root node. In each node, it first compares the key
with the compressed prefix in the node header. If the prefix matches, it searches in the extendible
hash to find the child. The child can be either another internal node or a leaf node. If the child is
an internal node, it continues to search in the same way. If the child is a leaf node, it compares
the key with the full key in the leaf node and returns the value if they are the same. Note that the
full key is always stored in the leaf node for verification. We dynamically upgrade a leaf node into
a subtree when new records are inserted and the subkey is not unique any more (see below for
insertion). To summarize, records can be stored in two ways in ERT. First, a record can be found in
a bucket after we traverse the tree and reach a leaf node. The leaf node could be at any intermediate
level of the tree, i.e., with path compression, if its current subkey is unique (case 1). Second, to also
support variable-sized keys, especially the scenario when one key is exactly the prefix of another,
we reserve a pointer field in the node header (case 2).

For example, assume the ERT structure shown in Figure 7 uses a span of 16 bits. Given a key
0x0110 1111 1111 1111, because the prefix length of the root node A is 0, we use the first 16 bits
(0x0110) as the subkey to locate one of its children. We find there is a match with the subkey in
the bucket, and we reach a leaf node, which means no other keys in the structure starting with
0x0110. We compare the queried key with the full key stored in the leaf and find they match,
so we can return the value (case 1 above). For another case, assume we want to search for the
key 0x0000 0001 0002 0003 0004 0005. We first search in the root node A and traverse to node
B in the next level. Because node B compresses a prefix of 3 spans (prefix length is 3), i.e.,
0x0001 0002 0003 (prefix array), which matches with the queried key, we would continue the
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search with the next subkey, 0x0004. Finally, when we search for another key 0x0000 0001 0002 0003,
because it is exactly the same as the compressed prefix in node B, it is stored using the pointer
field in the header (case 2 above).

Range query. We use the subkey itself instead of its hash value to index the node hash table.
Because all the segments are selected by the subkey MSBs, the segments are sorted, e.g., subkeys in
segment 00 are smaller than subkeys in segment 01. This provides the potential to support range
queries. The buckets within a segment, and the records in each bucket, are however not sorted.

When performing a range query, we first use the begin and end keys of the range to locate their
corresponding segments at the leaf level of ERT. When the two keys have a common prefix, we
only need to traverse the top tree levels once. All records in the segments between the two edge
segments, i.e., those in the subtree under the point when the begin and end keys first diverge, are
guaranteed to be in the queried range. The records in the begin and end segments, however, need
to be scanned to filter away those outside the range, resulting in some overheads.

Because of the shallow tree depth, ERT has few random accesses (to traverse the tree) plus several
large sequential accesses (to scan the segments and filter the records). This is in contrast to existing
index designs like B+Trees and radix trees, which have larger tree heights and smaller node sizes,
leading to multiple random accesses followed by a sequence of small sequential accesses. Trading
more sequential accesses for fewer random accesses is usually beneficial, but it could result in a
moderate performance drop at very small ranges. We further discuss the balance between the cost
of segment filtering and the benefits of sequential accesses in Sections 3.4 and 4.4.

Insert/update/deletion. We describe the volatile version of modifying ERT here, and leave the
crash consistency and concurrency issues to Section 3.5. To insert/update a record into ERT, we
traverse the radix tree in the same way as lookup. If we locate a leaf node at any level, we need
to further verify whether the inserted key and the existing key match exactly. If so, the insertion
becomes an update (a.k.a., upsert). Otherwise, the two only share a common prefix, and we need
to upgrade the leaf node to a new subtree, typically with just one node (Figure 5), to store both
records. If we do not find a child node either because of a subkey miss at any level or because
we exhaust all levels, we insert the record to the current level. The insertion may cause segment
splitting and/or directory doubling in the node structure, which would proceed in the same way as
Section 3.2 and Figure 6 have illustrated.

ERT also supports path compression as radix trees. When we reach a node and find a mismatch
against the stored prefix array in the header, we need to decompress the path with a node split.
Figure 8 shows an example. The tree initially has the root node A, whose subkey 0x0000 points to a
child node B. B stores a compressed path 0x0001 0002 0003. When we next try to insert a new key
0x0000 0001 0004 0005, we traverse from A to B, and find only a partial match with the compressed
path in node B. Hence we create a new intermediate node C with the common prefix 0x0001, which
then links to the two children: the original node B through the subkey 0x0002, and the inserted
record through the subkey 0x0004. Accordingly, we change the depth from 1 to 3 and the prefix
length from 3 to 1 in node B.

Deletion in ERT operates similarly, with the additional actions of memory reclamation when
nodes and segments become empty, which we discuss in Section 3.5.

3.4 Parameter Selection Tradeoffs

ERT integrates radix trees and extendible hashing. We now discuss how to carefully select their
key parameters to realize the most benefits from both and fulfill the best potential of PM.

Radix tree span. The length of the subkey at each radix tree level has a major impact on both
search performance and space efficiency. A large span reduces the tree height and lookup latency.
The extreme case is a single-level tree, and ERT degenerates to a hash table at the root. However,
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without hashing keys in ERT, a single extensible hash table is highly vulnerable to pathological
cases. For example, with a skewed data set of only small-value keys, e.g., 100M keys ranging from
0 to 100M, the keys will collide in the first few segments with the common prefix 00...0, and
cause frequent segment splitting and directory doubling, until the global depth is large enough
to distribute the keys to enough segments. This leads to substantial memory space waste. The
repetitive segment splitting and directory doubling, as well as the associated memory allocations,
also incur significant performance degradation.

ERT addresses this issue by dividing the key into multiple bit slices, and using a radix tree to
compactly represent the common slices. Assuming 8-byte keys, if we use a four-level tree, each
node only deals with a 16-bit subkey, and the directory could at most extend to 64 slots if each
segment holds 1024 records. This also limits the times of directory doubling and avoids its overheads.
Section 4.4 presents our detailed experimental exploration on subkey length selection, and we
find that a span around 32 bits achieves a good balance among search performance, insertion cost,
and space efficiency. There also exist opportunities to achieve better performance by statically
tuning the span choice to a specific workload and data set, if we can obtain their statistics through
profiling before constructing the index. A more complex approach may further adjust the span
dynamically to better adapt to workload behaviors. We leave these directions as future work.

Node segment and bucket sizes. Real PM devices exhibit different read/write granularities,
e.g., 64 bytes (i.e., one cache line) for a read and 256 bytes for a write. Correspondingly, the common
read and write operations in ERT should match the device properties. Fortunately, having two levels
of segments and buckets in the ERT node allows us to decouple such read and write granularities
and optimize each individually.

First, when searching for a record in ERT, we are able to use the MSBs and LSBs in the subkey to
locate only a single bucket. The subkeys in the bucket are compared sequentially to the query, so a
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bucket is mostly read in its full. We hence set the bucket size in the ERT node to 64 bytes to match
the PM read granularity and achieve the best search performance.

Second, the segment size should be a multiple of the minimum PM write granularity, 256 bytes,
to reduce write amplification. When splitting a segment, the new segment can be written once if its
size matches the PM write granularity. Note that we do not need to update the old segment because
of the lazy deletion introduced in Section 3.2. While a larger segment size than the minimum
256 bytes can reduce the number of segment splitting and directory doubling, it may increase the
cost of each split since more keys are migrated. This can potentially increase the tail latency when
accesses are blocked behind a split. Additionally, the segment size in ERT exhibits a new tradeoff
that affects the range query performance. With our ERT node structure that uses the MSBs of the
real subkey as the segment-level index, the ordering of the records between different segments is
preserved, but the records in each individual segment are not sorted. On a small range query, the
cost of filtering edge segments would dominate if too large segments are used. On the other hand,
when the range query is wide, a larger segment size could result in more sequential accesses and
reduce jumps across segments. In Section 4.4, we empirically find that 16 kB is a good segment size
to reach a balance among the above effects. This result matches with the findings in CCEH [35].

3.5 Other Features

Crash consistency. ERT provides the same crash consistency guarantee as other PM indexing
structures. When inserting a record, we first write the value, call a memory fence (sfence in our
implementation), then write the key followed by another memory fence, and finally persist them
using a cache line flush (c1wb). This results in two fences and one cache line flush for each persist
operation. When the (sub)key does not exceed 16 bits, we embed it with the 48-bit virtual-address
pointer, and write and persist the 8-byte key-value pair together. This reduces one memory fence.

For SMOs in the radix tree (node split, etc.), we add a depth field to each node header to guarantee
failure atomicity during path decompression, similar to WORT [22]. As illustrated in Figure 8, we
first allocate the new intermediate node C, write its header and the pointers to both children, and
then persist it (step 1). Next, we update the header of node B with one atomic 8-byte write, changing
the depth from 1 to 3 (meaning the current compressed prefix 0x0003 is the 3rd subkey counted
from 0) and updating the prefix array and prefix length to the new prefix (step 2). Finally, we
set the pointer in node A to point to node C. If a crash happens before step 2, the split essentially
has not started and we only need to reclaim the allocated node C during recovery (Section 3.5). If a
crash happens between steps 2 and 3, the depth field allows us to detect the transient inconsistency
and then recover [22]. Specifically, we detect that the depth mismatches with the subkey position,
and recover the previous header in node B.

We apply an additional optimization here. When updating the prefix array of node B in step
2, we store the decompressed prefix (0x0001 0002 in Figure 8) in the obsolete space right after the
valid prefix (0x0003). When we recover node B to its original state, this stale prefix allows us to
directly restore the previous prefix without computing the largest common prefix from the node
itself as done in WORT [22]. While the common prefix computation is fast in WORT, ERT stores
much more keys in one node and in an unsorted way. So avoiding such computation can save
significant work.

Insertion may also cause the creation of a subtree in ERT (Section 3.3). We first build and persist
the entire subtree to PM. Only after that, we atomically direct the parent’s pointer to the new
subtree root. Finally we persist this pointer.

SMOs of the extendible hashing based node in ERT are essentially the same as CCEH [35].
Directory doubling is achieved by atomically swapping the pointer in the parent to the newly
allocated and persisted directory. Segment splitting updates the directory slots from right to left,
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and persists at every time crossing a cache line boundary. System crashes and power failures may
happen in the middle of these directory slot updates. When recovering, we scan the directory from
left to right, and check whether the strides of continuous slots match with their local depths and
the global depth. For detailed description please refer to the CCEH paper [35].

Concurrency. To support thread-safe, concurrent accesses to ERT, we use fine-grained locking
for both read and write operations. We protect each bucket, each segment, and each directory
with individual reader/writer locks, respectively. We also apply a small-key optimization to further
improve concurrency when possible. Specifically, if the span is no more than 16 bits, we can embed
the subkey with the 48-bit pointer in one 64-bit space, so that a record can be atomically modified
in the bucket using an 8-byte compare-and-swap (CAS), without the need of a bucket lock.

The locks at the segment layer are quite expensive in the original CCEH design. Operations may
frequently compete for the same segment lock when there are only a small number of segments.
In contrast, ERT applies hand-over-hand locking to only lock a subtree that is currently under
operation, and releases the parent node after traversing to the child level. This enables more
parallelism opportunities not only across different segments, but also across different subtrees.

DASH [30], an optimized version of CCEH, used lock-free access to the segments, i.e., with
lock-free reads but fine-grained locks for writes. However, this scheme is incompatible with lazy
deletion and in-place updates, and has to use copy-on-write-based segment splitting which is
particularly expensive on PM. In contrast, the extra parallelism from ERT’s tree structure reduces
the necessity for such lock-free optimizations. Therefore, we prefer reader/writer locks in ERT, and
leave further investigation of lock-free access as future work.

Memory safety. To prevent memory leakage and ensure memory safety, we need to reclaim
memory spaces both during normal operations and when recovering after a crash.

During normal operations, because ERT uses read/write locks, it does not need complicated
memory reclamation mechanisms such as epoch-based approaches [14] as required by lock-free
designs. We can safely reclaim memory spaces in the following three circumstances. First, when
performing directory doubling, we allocate a new space, and free the old one after updating the
pointer in the parent level. Second, after deleting the last record in a segment, we can set the
directory slot of this segment to point to its buddy segment, and decrease the buddy’s local depth
by one. Then we can free the empty segment. Third, when a leaf node in ERT becomes empty, we
can free it after clearing the pointer in its parent node.

Memory safety under a system crash is much more complex and challenging. The PM allocator
should first support crash consistency itself to ensure its metadata are always consistent. The
system may also crash after we successfully allocate a node or segment but have not linked it to the
main structure. Typically, there are two kinds of approaches, logging-based allocators [36, 43] and
post-crash garbage collectors [5, 7, 9]. Determining the best among these methods is orthogonal
to our work. For simplicity, we let ERT use a post-crash garbage collector to minimize runtime
overheads.

4 EVALUATION

In this section, we experimentally compare ERT against five state-of-the-art tree-based PM indexes
(FAST&FAIR [18], LB+Trees [29], WORT [22], WOART [22], and ROART [32]) to demonstrate the
advantages and tradeoffs of our design.

4.1 Experimental Setup

System. We run all experiments on a server with two Intel Xeon Gold 6240 processors. Each
processor runs at 2.6 GHz, and has 18 physical cores with hyperthreading enabled and a 24.75 MB
L3 cache. The memory system consists of 252 GB DDR4 DRAM and 4% 128 GB Intel Optane DCPMM.
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Fig. 9. Three synthetic data sets in our evaluation. All the keys in the Dense and Sparse data sets have a
fixed length of 8 bytes. In the Variable-sized data set, the key lengths are between 8 and 1024 bytes.

The system runs Ubuntu 18.04. We manage the Optane DCPMM through a DAX file system mapped
to a pre-defined address space. All data and metadata are allocated to the Optane DCPMM.

Data sets. We use both synthetic and real-world data sets. We fix the value sizes in all data
sets to 8 bytes to represent pointers to database records. To investigate how robust ERT is against
different key distributions, we generate three synthetic data sets, each having 100 million keys. As
illustrated in Figure 9, keys in the Dense data set are randomly selected from the range 0 to 100M,
thus sharing long common prefixes. Duplicated keys in the data set are treated as upserts during
the initial load, and there are ~ 60M unique keys in Dense. Keys in the Sparse data set follow a
uniformly random distribution between 0 and 2%¢ For the Variable-sized data set, we generate
random strings with lengths between 8 and 1024 bytes.

We also evaluate three real-world data sets, all of which contain 64-bit integer keys. The
Facebook [41] data set is an upsampling of 100M Facebook’s user IDs. The Amazon [1] data set
includes 20M unique book IDs sold on Amazon. The Wiki [48] data set consists of 50M unique
timestamps when Wikipedia articles are edited.

Workloads and measurements. For both the synthetic and real-world data sets, we build the
indexes by inserting the key-value pairs one by one (i.e., the insert workloads). For the synthetic data
sets, we generate the point query workloads by randomly selecting keys from them. A range query
is constructed as a random key plus a configurable scan length. For the real-world data sets, we
apply YCSB [10] to generate different mixtures of query types. Specifically, we use YCSB-A (update-
heavy with 50% point queries and 50% updates), YCSB-C (read-only with 100% point queries), and
YCSB-E (scan-heavy with 95% range queries and 5% inserts) with a zipf distribution. Experiments
are single-threaded unless stated otherwise. We measure the throughput, latency, and memory
consumption for each index when executing the above workloads. We repeat each experiment 3
times and report the average measurements in the figures.

Parameters. We set ERT’s parameters following the discussion in Section 3.4 and the experi-
ments in Section 4.4. The default radix tree span is set to 32 bits. The segment size is 16 kB. The
initial global depth of each ERT node is set to 0. For the baseline indexing structures, we follow
their default parameter settings from the papers or the implementations.

4.2 Performance on Synthetic Benchmarks

Figure 10 shows the throughput results of point queries, inserts, and range queries on the synthetic
benchmarks. The purpose is to analyze the relative strengths and weaknesses of ERT in a simpler
and more controllable experimental setting. The results of the real-world data sets are presented in
the next subsection.

Point query. ERT outperforms the other five tree-based PM indexes with an over 2X speedup
compared to the second best one in each of the three synthetic benchmarks. This is because ERT
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Fig. 10. Performance comparison on the synthetic benchmarks.

Table 1. Statistics of average visited nodes per search and average latency per node, on the Sparse data set.

FAST&FAIR WORT WOART

Avg visited node number 4.375 6.297 3.364
Avg latency per node (ns) 198 118 181
ROART ERT CCEH
Avg visited node number 1.983 1.002 1
Avg latency per node (ns) 395 346 250

specifically focuses on optimizing the tree traversal efficiency. ERT not only has a small tree height
but also supports fast in-node search. Such a performance advantage is robust across different
key distributions. Table 1 shows that ERT only visits 1.002 nodes on average for point queries
on the Sparse data set, which is close to what a hash table could accomplish. Although ERT’s
tree height grows linearly with the key length in theory, we observe that most of the keys in our
Variable-sized data set are terminated (i.e., can be uniquely identified) in or very close to the
root thanks to path compression and lazy expansion. Meanwhile, because ERT has larger nodes,
its in-node search latency is higher than most previous designs in Table 1. However, the benefit
of reducing the tree height outweighs such extra cost. ROART also tried to trade in-node search
latency for a smaller tree height. ERT achieves a Pareto improvement over ROART in this tradeoff.

We note that the original implementations of FAST&FAIR and LB+Trees did not support variable-
length keys. We modified their source code so that they can recognize pointers to keys stored
outside the tree nodes (we only use the modified versions in the Variable-sized workload). As
shown in Figure 10, this incurs significant pointer-dereferencing overheads.

Insertion. The performance for inserts generally follows the same trend as that for point queries.
Compared to a lookup, ERT exhibits a relatively lower advantage over the others because of the
cost of PM writes during an insert. Figure 11 shows a latency breakdown of the insert operation.
For all the indexes in the experiment, the dominating component is tree traversal, followed by
node update and node grow/split. Similar to point queries, ERT obtains most of its performance
gain from the optimized tree traversal even for insertions. ERT is also very efficient at structural
modifications (i.e., node grow/split) because it applies lazy deletion during segment splitting to
avoid a full copy of the records in the node. Notice that the throughput advantage of ERT decreases
for the Variable-sized data set because longer keys (up to 1024 bytes) lead to an increased cost
in persisting the records, thus diluting the benefits of a more efficient tree design.
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Fig. 11. Latency breakdown for insert operations.

Table 2. Latency breakdown for range query operations, on the Dense data set.

Selectivity = 0.1% ERT LB+Trees ROART
Tree traversal (ns) 2908 4526 2430
Segment scan (ns) 159370 315258 354811
Selectivity =~ 0 (worst case for ERT) ERT  LB+Trees ROART
Tree traversal (ns) 155 1053 1652
Segment scan (ns) 4217 1340 934

Range query. We generate range queries with different selectivities (~ 0,0.1%, 0.5%, 1%) on
the Dense data set to benchmark the indexes (the observations are similar on the other data sets).
The rightmost subfigure in Figure 10 shows the results. Notice that the y-axis shows normalized
throughput because of the large differences in absolute throughput under different selectivities. We
observe that ERT excels at longer range scans. The throughput, however, drops significantly when
the range only contains a few items. Therefore a selectivity of ~ 0 is the worst-case scenario for
ERT. This is because the smallest ordering unit in ERT is a segment (i.e., ordering is not guaranteed
within a segment). Although the range only contains a few entries, ERT has to scan the entire
segment to fetch them. On the other hand, relatively larger segments are beneficial to sequential
scans, and thus improving the performance of wider-range queries. The latency breakdown in
Table 2 confirms our diagnosis. One can further speed up range queries in ERT by using a smaller
segment size, but it in turn hurts the insert performance, as we will discuss in Section 4.4.
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4.3 Performance on Real-World Benchmarks

We present the results of executing the YCSB benchmarks with the real-world data sets on ERT
and the baselines in Figure 12. For Load and YCSB-C (i.e, read-only), the throughput results agree
with what we have observed in the synthetic benchmarks. Across the data sets, all radix-tree-
based indexes perform better in Amazon and Wiki compared to Facebook because Amazon and
Wiki contain keys with denser distributions. We also note that ERT performs exceptionally well at
loading the Wiki data set. This is because the keys in Wiki are sorted. Because we use the real keys
to index the buckets in ERT’s extendible hashing scheme, inserting an ordered sequence of keys
benefits from better cache performance due to the sequential pattern.

For YCSB-A (update-heavy), the results are similar to those in YCSB-C because the procedure
of a (value) update operation overlaps largely with that of a lookup where tree traversal remains
dominant. ERT’s performance advantage is compromised in YCSB-E (scan-heavy) because the
ranges are small (< 100 items) and, therefore, it approaches the worst case in Figure 10.

Figure 13 shows the memory usage after loading the data sets into each index. ERT is more
memory-efficient than the baselines in Amazon and Wiki because these two data sets have denser
key distributions. Denser keys share common prefixes that facilitate compression in radix trees.
Moreover, a denser key distribution leads to an improved load factor for extendible hashing used in
each node (recall that we use the real key bits to index the hash table). Hence, a lower tree height
and a higher load factor within the nodes allow ERT to consume less memory compared to other
radix-tree variants for relatively dense keys. For a sparse key distribution such as in Facebook,
ERT also achieves comparable memory efficiency.

We also evaluated the scalability of ERT using a read-intensive workload (95% point queries
and 5% inserts) and a write-intensive workload (50% point queries and 50% inserts) derived from
YCSB. We choose FAST&FAIR and ROART to represent the B+tree family and the radix tree family,
respectively. As shown in Figure 14, ERT consistently outperforms the baselines as we increase the
number of threads. ERT has the same trend in scalability as the baselines because they use similar
locking schemes.

Proc. ACM Manag. Data, Vol. 1, No. 1, Article 105. Publication date: May 2023.



When Tree Meets Hash: Reducing Random Reads for Index Structures on Persistent Memories 105:19

ROART —+— FAST&FAIR —— ERT

201 12
§_ s §_ 0 )—N—'
=) //-/'/'/'/'—' =)
210 26
< <
g 5 g3
£/ £

124 8 1216 20 24 28 32 36 0 124 8 1216 20 24 28 32 36
# Threads # Threads
(a) read-intensive (b) write-intensive

Fig. 14. Multi-threaded scalability comparison.

= N LRT I ERT
— 2
237 510" 4 07
s 2 3
<2 5 Q4
= = ]
.4% <10 5
o1 X £ 21
2 E =

g 2
& 0- - 107 - 0-

Insert Point Query 2 0.1% 1%
Insert & Point Query Range Query Memory

Fig. 15. Impacts of the hashing scheme choice in ERT. We replace extendible hashing in ERT with linear
hashing to construct an alternative design named LRT.

4.4 Parameter Selection and Recovery

Hashing scheme. ERT uses extendible hashing for the node structure of the radix tree. We now
explore alternative hashing schemes. As an example, we replace extendible hashing in ERT with
linear hashing [28], and evaluate the performance and memory efficiency impacts. We use the
Sparse data set as the representative. We set the parameters for linear hashing with a 75% split
ratio and a 16-entry bucket size. As shown in Figure 15, the throughput of point queries decreases
by nearly 3x. This is because linear hashing allows overflow: a query may have to traverse multiple
linked overflow buckets, incurring extra random accesses. We find that each point query in our
experiments traverses about three buckets on average in linear hashing. The overflow issue also
affects the performance of insertion, where it needs to find an empty slot in a bucket. Another issue
with linear hashing is that it performs the bucket split operation too frequently (it only splits one
bucket at a time). As records keep getting inserted, it repetitively reaches the split ratio and triggers
the split. This is particularly inefficient because of the expensive PM allocations. In contrast, ERT
adopts a hierarchical structure and splits by segments rather than buckets, so that it has much fewer
splits. Nevertheless, the finer split granularity of linear hashing improves the memory efficiency
slightly compared to ERT.

For range queries, because linear hashing does not provide any ordering between keys, it has to
scan all the keys in each node to identify those in the queried range. Such overheads significantly
degrade the range query performance compared to ERT, by nearly two orders of magnitude. The
performance gap is larger for larger ranges. There exist other order-preserving hashing schemes
such as perfect hashing [12, 15] that could support efficient range queries, but they usually only
work for static data sets, and incur significant overheads in dynamic settings.
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Span. As discussed in Section 3.4, the radix tree span is an important parameter that could affect
the performance and memory efficiency of ERT significantly. We, thus, test ERT with different
spans on both the Dense and Sparse data sets. The results are in Figure 16. Note that because
the keys in the data sets are 8-byte integers, ERT reduces to single-node (root-only) for the 64-bit
span. As the radix tree span increases, the tree height of ERT decreases correspondingly, leading to
an improvement in lookup performance. The memory consumption changes depend heavily on
the key distribution. Because we use the bits from the real keys instead of their hashes, the dense
keys cause a large number of collisions and almost every collision causes a directory-doubling
operation in extendible hashing. In fact, when the span reaches 64 bits for Dense, we do not have
enough memory on the machine to hold the exponentially-growing directory (and thus the missing
points in the figure). In contrast, the node sizes in ERT are relatively small with the Sparse data
set. Pointers between nodes dominate the memory consumption in this case. Increasing the span
reduces the number of nodes and, therefore, saves memory. We choose 32 bits as the default span
for ERT because it is robust even in the worst-case dense keys. However, if the key distribution is
reasonably sparse, increasing the span further can improve performance and memory efficiency
simultaneously.

Segment size. Another important parameter in ERT is the segment size, which has an impact on
the performance of inserts and range queries, as discussed in Section 3.4. We perform a parameter
sweep on the segment size using the Sparse data set. We can see from Figure 17 that the insert
throughput of ERT peaks at about 16 kB. A smaller segment size incurs excessive split operations,
while a larger segment size increases the cost of each split. We also measure the throughput for
the worst-case (i.e., only scans a few entries) range queries. As the segment size increases, the
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Fig. 18. Impacts of the number of keys on insert performance and recovery time.

performance of such a small-range query drops because ERT must scan an entire segment to answer
the query. Based on the results in Figure 17, we set the default segment size to 16 kB because it
achieves a good balance in the performance tradeoffs between inserts and small-range queries.

Performance robustness and recovery time. Segment splitting and directory doubling are
both expensive SMOs, and may incur substantial performance overheads when we insert a key
into ERT under specific states of the index. We evaluate these effects using the Sparse data set,
and measure the throughput after inserting every 10M keys as in Figure 18(a). ERT shows stable
speedups. The result indicates that the SMO cost in ERT does not frequently happen, and could be
well amortized over a large number of key insertions.

In Figure 18(b), we evaluate the recovery time of ERT with different numbers of keys in the index
on the Sparse data set. We inject a crash after inserting a certain number of keys, and traverse
the index to recover all the transient inconsistency. With 100M keys (about 6.4 GB total tree size),
ERT recovers successfully in 70.95 seconds. This recovery performance is on the same order of
magnitude as previous tree-based PM indexes [32, 37, 52]. Recovery is only needed infrequently
and is not a critical performance bottleneck. Our current implementation only uses a single thread.
Optimizations such as multi-threading and lazy recovery can be applied to further improve the
recovery speed as future work.

5 RELATED WORK

Persistent memory. Emerging persistent memory (PM) technologies [16, 40, 53] have brought a
revolution to the system memory and storage architecture. PM is byte-addressable and non-volatile,
and it could be accessed through the memory bus with normal load and store instructions, instead
of via the file system interface as an I/O device. PM offers a much higher capacity, but exhibits
only 1/3 bandwidth and over 2X latency compared to DRAM [51]. In particular, writes to PM are
commonly considered quite expensive, because they are slower than reads, and also wear out the
device to result in limited endurance. Our work further shows that random reads could also be a
performance bottleneck, and efficient PM data structures like ERT should pay attention to reducing
random read accesses.

Fully leveraging the non-volatile benefit of PM requires software to ensure crash consistency.
There are usually three general approaches, atomic in-place updates [18, 29, 35], logging [4, 50],
and copy-on-write (CoW) [39]. Among them, in-place update is the most efficient because it avoids
extra PM writes. But because typical hardware only guarantees 8-byte atomicity, proper use of
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memory fence and cache line flush instructions is needed to support larger data granularities. ERT
is designed to leverage in-place updates to minimize the crash consistency cost [22, 35].

The recent eADR technology has the potential to relax data persistence requirements [42, 55]. As
long as data reach the eADR domain, they can be considered as persisted, instead of being forced
onto the PM. However, because of the extra high battery cost and currently limited compatible
platforms [45], we choose to design ERT in a more general scope. Nevertheless, ERT’s optimizations
on random read accesses would be more critical if the persist cost reduces with eADR.

Indexing structures. The most commonly used indexing structures include B+Trees [26, 33],
radix trees [24], and hash tables [13, 38]. All these index types have recently been optimized on
PM [17] to leverage its persistency and high capacity while tolerating more expensive writes and
crash consistency overheads [3, 8, 18, 22, 29, 30, 32, 35, 37, 52, 58, 59].

B+Trees achieve relatively good search and insertion performance and have the most efficient
range query support. Each B+Tree leaf node contains multiple records as a sorted array, enabling
fast search and sequential reads when locating and returning the queried range. There have been
many proposals extending the classic B+Trees, such as Blink Tree [23], Palm Tree [44], and Mass
Tree [33]. Specifically on PM, a large body of proposals [3, 18, 29] employ in-place updates rather
than logging/CoW to avoid redundant writes, and to reduce expensive cache line flushes and
memory fences. To further optimize performance, some recent B+Tree designs [3, 8, 29, 37, 52] do
not maintain keys as sorted in their leaf nodes, but use fingerprints or additional indirection slots
for both fast search speed and reduced writes. However, the keys in their internal nodes are still
sorted. Some designs also adopt selective persisting by leaving non-critical data on DRAM and
rebuilding them after a restart [37, 52].

An alternative tree structure is the radix tree, which does not explicitly store keys in nodes, but
instead uses each bit slice of the key to determine the next branch to traverse within a fixed-length
child pointer array. Radix trees usually exhibit better search but worse range query performance
than B+Trees [34]. Path compression and lazy expansion are often used in radix trees to improve
memory utilization and cache efficiency, at the cost of introducing complex node split/merge
operations. Adaptive Radix Tree (ART) [24] further improves the memory utilization of each node,
by dynamically changing the node format among four node types based on its utilization. Though
less popular in disk-based storage systems, radix trees are more suitable for PM compared to B+Trees,
as demonstrated by recent proposals like WORT&WOART [22], DPTree [58], and ROART [32]. First,
searching a radix tree does not involve key comparisons, but just directly following the pointers
indexed by the key’s bit slices, saving memory accesses. Second, with fixed-length child pointer
arrays, no key re-sorting is needed for every insertion. Third, expensive tree rebalance operations
are also not needed as the tree structure is deterministic given the key prefix distribution. Therefore,
ERT uses a radix tree as its backbone structure, and optimizes the tree height and the in-node
search design.

Finally, hash tables can achieve constant lookup time and are superior in terms of point query
performance due to the flat structure. However, supporting range queries is difficult due to the
random position of each record after hashing. Static hash tables also need to estimate the table size
in advance and pre-allocate space to avoid overflow and under-utilization. This is difficult in reality,
and may lead to frequent rehashing when too many collisions occur. In contrast, dynamic hash
tables, such as extendible hashing [13], allocate and deallocate memory space in an incremental
manner to avoid full table rehashing. In light of PM, dynamic hashing is particularly attractive
because it avoids excessive writes to redistribute the entire table during rehashing [30, 35, 59].
ERT borrows the multi-granularity structure from CCEH [35], which is a PM-optimized variant of
extendible hashing.
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6 CONCLUSIONS

We proposed a novel indexing structure on PM, Extendible Radix Tree (ERT), that hierarchically
combines the radix tree and an extendible hash table design. ERT provides range query and variable-
sized key support with both high search and modification performance. The main performance
benefits of ERT come from its much smaller tree height and the ability to do almost constant-time
search within each tree node. ERT also uses extendible hashing for incremental and in-place updates
without excessive PM writes. We conduct extensive parameter exploration to ensure the internal
organization of ERT matches well with commercial PM read/write granularities, and also achieves
a balanced tradeoff among range query performance, insert cost, and memory utilization. ERT
significantly outperforms existing indexing structures, even on real-world data sets and challenging
cases with variable-sized keys.
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