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Abstract—Transactional memory provides a simple alternative
for synchronization, such that the programmer defines transac-
tions and the underlying system guarantees their atomicity. With
hardware transactional memory (HTM), processors incorporate
modifications that enable efficient execution of transactions,
mainly through speculative execution. These modifications com-
monly require fast register checkpoints and non-trivial changes
in latency-critical first-level caches.

Motivated by the growing number of in-flight instructions in
current processors, this work revisits and extends an alternative
approach that leverages existing out-of-order execution support
to implement HTM with minimal microarchitecture changes. In
this way, the design and verification complexity is reduced, while
still easing the task of programming concurrent data structures.

To our knowledge, this is the first performance evaluation of an
in-core HTM that buffers instructions in the reorder buffer. Using
the gem5 simulator, we compare our in-core, low-cost hardware
transactional memory (LHTM) implementation against a lock-
based baseline and a full-blown HTM model of Intel TSX with
register checkpointing and versioning in cache. In spite of its
simplicity, for 32 cores LHTM achieves performance on par with
TSX on a benchmark suite of concurrent data structures.

Index Terms—hardware transactional memory, concurrency,
multithreading

I. INTRODUCTION

The unpredictable nature of parallel applications makes
programming for large-scale, multi-core systems a significant
challenge. An unexpected race condition can introduce a dead-
lock, a livelock, crash the application, or even produce wrong
results. Hardware transactional memory (HTM) addresses this
issue by letting programmers delimit groups of instructions to
be executed atomically as transactions, while the underlying
system leverages hardware mechanisms to efficiently enforce
atomicity. This is usually done by speculatively executing
transactions while monitoring concurrent accesses to shared
memory; detected conflicts cause the transaction to abort and
typically restart [1].

At first glance, HTM appears to be the perfect solution, but
this illusion dissipates when considering the hardware costs
associated with it: a checkpoint is required to recover the state
of the CPU before starting the transaction in the event of an
abort [2]–[4]; for handling large transactions, hardware might
require managing speculative data in the cache by versioning

This work has received funding from the European Research Coun-
cil (ERC) under the European Union’s Horizon 2020 research and in-
novation program (ECHO, grant agreement No. 819134) and from the
MCIN/AEI/10.13039/501100011033/ and the “ERDF A way of making
Europe”, EU (DAMAS, grant PID2022-136315OB-I00).

the cachelines [4]; and caches are also modified to track the
read and write sets of the transaction [2], [3].

However, researchers have noted that modifications to pri-
mary caches and coherence protocols should be minimized [5],
[6]. As a consequence, HTM adoption has been limited by
hardware complexity and verification challenges. Most HTM
designs aim to simplify implementation by reusing existing
hardware mechanisms (e.g., leveraging the cache coherence
substrate to detect conflicts), although this has not stopped
bugs and vulnerabilities from occurring [7]–[9]. We follow the
same principle and go further, reusing existing microarchitec-
tural components to build a minimalist HTM with reduced
complexity and overhead.

Speculative lock elision (SLE) [10], an early proposal for
hardware-enabled critical sections, suggests two alternatives:
1) using the reorder buffer (ROB) to store all speculative
information and 2) using a register checkpoint. At the time,
the speculative structures available in processors were very
limited, establishing the checkpointing solution as the only
one that made sense to implement and evaluate. However, over
20 years have passed: computations and, more importantly,
resources inside the CPUs have increased drastically. In the
Pentium 4 era, processors aimed for around 128 ROB entries,
with reserve stations in the order of 60 entries, and load/store
queues in the range of 30-40 entries each [11]. Today, proces-
sors’ speculative structures are over 3 to 5 times larger than
the Pentium 4 figures. With these new resources, using the
speculative structures for checkpointing in a critical section
is no longer that limiting and provides an appealing picture
for revisiting the ROB-based implementation (although we do
not explore the lock acquire and release detection that SLE
incorporates [10]).

This alternative still imposes limits on large transactions,
but we focus on the usage of HTM for simple, short atomic
operations that are ubiquitous in concurrent data structures and
scientific workloads. Commercial HTM has been shown to be
most efficient in these short transactions [12], and provides
a versatile alternative that allows manufacturers to avoid
constantly modifying the ISA with new atomic operations.

This work proposes in-core, low-cost hardware transactional
memory (LHTM). We extend SLE’s proposal in order to de-
sign and evaluate a complete low-cost implementation for the
x86-64 ISA. By reusing the core’s own speculative execution
facilities, LHTM is able to stall in-flight transactional modi-
fications and detect conflicts. Then, it commits transactional



updates through a coarse-grained version of the mechanism
used by read-modify-write (RMW) atomic operations that
target data in first-level caches.

Using the gem5 simulator [13] and a benchmark suite
of concurrent data structures [14], we demonstrate that the
discarded idea of using the speculative structures of the CPU
for checkpointing has become viable in recent years. LHTM is
able to maintain performance similar to a more complex Intel
TSX, without significant modifications to first-level caches.

II. BACKGROUND

Our HTM takes advantage of many mechanisms that are
already present to optimize performance in modern processors.
For this reason, we start by providing necessary background
on modern CPUs. Later, we introduce the implementation
proposed in SLE [10], which this paper extends.

A. Out-of-order cores

1) Reorder buffer: Dynamically scheduled superscalar pro-
cessors reduce stalls by executing instructions speculatively
and out-of-order (OoO), as soon as operands and functional
units are available. Only the front-end and commit stages
operate in-order, ensuring a consistent architectural state.
Processors may also speculate on unavailable information,
storing predicted results in the reorder buffer (ROB) [15]; if
a prediction is wrong, the affected entries are squashed to
discard incorrect state. Likewise, the ROB could be used to try
and execute a group of instructions atomically [10], squashing
them if the predicted input values (the transaction’s read set)
have potentially been modified by a concurrent thread.

2) Load queue and store queue: Load and store instructions
are tracked in the load queue (LQ) and store queue (SQ),
respectively, from dispatch until commit. Loads may access
memory speculatively, while stores defer their updates until
commit to preserve in-order visibility. Once a store commits,
it is removed from the SQ and placed in the store buffer (SB),
allowing the core to continue without waiting for the memory
write to complete. The SQ naturally lends itself to version
management [10], as it buffers stores until it is safe to make
them visible according to the memory consistency model.

3) Speculative load execution: One of the restrictions set
by the memory consistency model is dictating the valid ways
that a processor can reorder memory accesses. For example,
the x86-TSO model [16] does not allow load instructions to
be reordered with respect to other load instructions. Without
speculation, this would mean that if a load stalls when access-
ing memory due to a cache miss, subsequent loads (as well
as all instructions that depend on them) would also have to
stall, even if their target blocks were present in the cache. In
practice, x86 processors speculatively execute loads once their
effective address is calculated, without waiting for previous
loads to complete.

If a load that is after a slower load in program order is
allowed to speculatively execute first, speculative execution
is correct as long as, by the time the slower load completes,
the value of the block accessed by the faster load has not

changed [17]. Instead of issuing additional loads to compare
the values of memory blocks each time a reordering is made,
most processors opt for a more efficient yet conservative
method to ensure that the block is not modified by other
processors: when a block is invalidated in the first level cache,
the processor associatively searches the LQ and preemptively
squashes all uncommitted executed loads to that block. As a
side effect, cores need to be notified with a snoop whenever
other cores invalidate any of their valid cachelines (usually
before writing), offering a convenient way to detect conflicts
in transactional execution [10].

B. Hardware cache locking

Modern systems include hardware cache locking mech-
anisms to facilitate the execution of atomic RMW opera-
tions. Special requests can lock cachelines with exclusive
permissions, delaying all invalidations and downgrades until
a corresponding store releases the lock [18]. Only external
requests are stalled, and local operations can access locked
cachelines. Although current processors do not fully realize the
potential of cacheline locks for efficient multi-address atomics
(e.g., multi-address compare-and-swap (MCAS)), they could
be used to atomically commit transactional updates [19].

C. Speculative lock elision

Proposed by Rajwar and Goodman [10], speculative lock
elision (SLE) detects lock acquisitions and releases, and tries
to elide critical sections using HTM. Transactional execution
is attempted until elision is successful or a finite number of
aborts is reached, and the lock can be acquired as a fallback
that resorts to the conventional serializing execution of critical
sections. Processors attempting speculative execution start by
checking that the lock is free to prevent conflicts with a
processor in the fallback path.

In addition to contributing the idea of automatic detection
of locks, which allows transactional execution of unmodified
lock-based programs, SLE describes efficient mechanisms for
HTM. Essentially, SLE buffers speculative updates to memory
by not letting the stores exit the SB until the lock elision
is validated, and two alternatives are mentioned to buffer
the architectural register state: using the ROB or using a
register checkpoint. We focus on the ROB-based alternative,
which avoids modifying shared state until the transaction is
successful by preventing instructions from committing. In
processors with speculative load execution, it takes advantage
of invalidation snoops, which can be used to detect conflicts
by checking them against LQ and SQ entries.

III. IN-CORE, LOW-COST HARDWARE TRANSACTIONAL
MEMORY

The main goal of our in-core, low-cost hardware transac-
tional memory (LHTM) implementation is to achieve an effi-
cient HTM that involves minimal verification effort. The base
mechanisms employed by LHTM for buffering speculative
state, loading cachelines and detecting conflicts are derived



from Rajwar’s work [20]. We fully develop the implementation
and include a simple method for committing speculative up-
dates, in order to evaluate its performance. However, our work
focuses on simplicity and thus does not detect lock acquire and
releases; instead, we assume that the ISA has extensions for
delimiting transactions.

To support LHTM, the ROB and SQ need to hold, as
speculative state, all transactional modifications to the state
of the system. Before transaction commit, cachelines accessed
by loads and stores will be requested with the necessary per-
missions. During this process, the LQ and the SQ are searched
by invalidation or downgrade snoops to detect conflicts. Once
all needed cachelines are present with adequate permissions
in the private cache and every instruction in the ROB is
ready to commit, the first-level data cache (L1D) is locked,
and speculative modifications are allowed to commit, thus
guaranteeing the transaction’s atomicity.

A. ISA interface

Our proposal targets the x86-64 ISA. In 2012, Intel intro-
duced the Transactional Synchronization Extensions (TSX),
and reserved several opcodes for the XBEGIN, XEND and
XABORT instructions, among others. Despite being disabled
in most recent processors [7], the opcodes are still reserved
for this purpose.

To reduce the amount of changes required, LHTM reuses
these opcodes, only tweaking their behavior as needed. Specif-
ically, in our implementation both micro-ops need to behave
like full memory barriers. This simplifies the design of our
HTM, preventing unwanted interactions with memory opera-
tions from outside the transaction.

As with TSX, XBEGIN updates the rax register with a
status code signaling that the transaction successfully started,
or with an abort cause otherwise. To ensure forward progress,
we follow the approach of conventional best-effort HTM:
depending on the returned abort code and the number of
failed attempts to execute the transaction speculatively, the
abort handler may opt for executing the transaction through
an alternative path with regular lock-based synchronization.
This is commonly known as the fallback path.
XEND is used to delimit the end of transactions, and

XABORT generates an explicit abort. The abort handler may
choose not to count explicit aborts, as XABORT is mainly
used to re-start the transaction in the software handler when a
different thread takes the fallback lock.

B. Proposed design

1) Buffering speculative state: As micro-ops can only com-
mit and retire in-order through the ROB head, LHTM simply
stalls XBEGIN at commit. This effectively delays the whole
transaction (and any other ROB instructions) and prevents it
from being committed to architectural state. Consequently,
transactional modifications to the cache are also delayed
because stores can only access memory once they commit.
Loads, on the other hand, access memory when they execute
and can forward the speculatively loaded values to other

micro-ops in the transaction before the transaction commit
stage starts.

As a result, we avoid the need for dedicated hardware to
create a backup of the register file. Furthermore, a check-
pointing alternative would create a full backup of all registers
at the start of the transaction, many of which might not be
overwritten, meaning that many unnecessary copies would
have been created. Checkpointing the register file is partic-
ularly inefficient if transactions are small and frequent, and
it may contribute to imposing an additional fixed overhead
to transaction execution. While leveraging the ROB to buffer
transactional instructions minimizes hardware modifications,
it has the drawback of not allowing instructions to commit
until transaction commit starts, which can specially affect
performance when committing large transactions.

2) Loading required cachelines: Transaction atomicity is
guaranteed by locking L1D to delay all external requests from
sources other than the local core. This ensures that all modifi-
cations are made globally visible at once after the transaction
commits. To avoid deadlocks once the lock is activated, all
cachelines accessed during the transaction must be in a state
that does not require generating or waiting for additional
coherence messages when completing the transaction (i.e., for
a MESI protocol, cachelines only accessed by loads need to
be in M, E or S state; and cachelines accessed by stores need
to be in M or E state).

Loads already bring their target block into L1D when they
execute. When stores execute, on the other hand, they do not
need to access the block they write to. However, many store
prefetching strategies have been researched and implemented
for regular, non-transactional execution that preemptively ask
for blocks to be loaded with write permissions [17] in order
to prevent a cache miss once stores access memory. Many
modern processors perform prefetch requests (i.e., read for
ownership) when stores commit [21], before they reach the
head of the SB. We opt for the alternative of generating a
request for exclusive ownership when transactional stores ex-
ecute. Unlike traditional exclusive prefetches, which are best-
effort in nature, the ownership requests sent when transactional
stores execute in LHTM must eventually be fulfilled by the
cache, which will respond to the processor with an ACK.

As cachelines are requested during the execute stage for
both loads and stores, read and write set tracking is imprecise.
Requests generated from speculatively executed loads and
stores (e.g., after a branch or value prediction which might
be incorrect) can abort conflicting transactions.

3) Conflict detection and resolution: Conflicts can appear
as the transaction loads cachelines into L1D. Specifically, the
core can detect a conflict if an L1D snoop signals a change to
any transactionally accessed block from its required state. This
can be done by comparing snoops against all in-flight loads
and stores if XBEGIN is at the head of the ROB. XBEGIN
and XEND are full memory barriers, so all in-flight memory
operations belong to the transaction.

Loads are only affected by invalidation snoops. When a
completed load is found upon an external snoop, in addi-



C1

addr:a E

addr:b I

C2

addr:a I

addr:b E
GETX b

GETX a

C1

addr:a I

addr:b E

C2

addr:a E

addr:b I
GETX b

GETX a

Fig. 1. Simplified livelock example between two cores (C1 and C2) executing
transactions that write to the same two cachelines. Only first-level caches
are shown, and communication with the directory is omitted. If ownership
requests are retried, it is not guaranteed that any of the cores will acquire
both cachelines at the same time in order to commit atomically and achieve
forward progress.

tion to retrying the load to recover the lost cacheline, any
execution depending on the loaded value would need to be
discarded to maintain atomicity. We follow the behavior of
modern CPUs [22], and conservatively trigger a full flush
of the processor pipeline. As the entire transaction is being
buffered in the ROB, the flush is akin to a transaction abort
in conventional HTM implementations.

Stores are affected by both invalidation and downgrade
snoops. In principle, it is not necessary to squash the trans-
action in this case since stores remain in the SQ and have
not yet modified memory, so it is only necessary to reissue
ownership requests. This approach would avoid unnecessary
squashes on downgrade snoops and could, in some cases,
prevent aborts on invalidations if the affected location had not
been previously read by the transaction. Nevertheless, such
an alternative increases design complexity and introduces po-
tential livelock scenarios, as continuously retrying ownership
requests without aborting may prevent progress when multiple
cores write to the same cachelines (see Fig. 1). Ensuring
forward progress in these situations would require additional
hardware mechanisms. Given our design goal of simplicity,
we adopt a more conservative approach and choose to squash
the entire transaction in these cases.

In summary, any conflicting external request will abort the
receiving transaction. External requests can come from other
processors that may or may not be executing a transaction, so
our implementation provides strong atomicity [23].

Loaded cachelines could also be invalidated by the cache
replacement policy, but it is highly unlikely given that our
goal is to provide efficient HTM support for transactions
composed by a relatively low number of instructions, more
so considering that the replacement policy would generally
prevent the eviction of recently used lines.

4) Transaction commit: The following conditions must be
met before transaction commit can begin:

• All instructions between XBEGIN and XEND must have
executed and be ready to commit.

• All required cachelines must be present in L1D. For
cachelines accessed by loads, this is already verified when
checking that all instructions are ready to commit. To
account for cachelines accessed by stores, all ownership
requests must have been completed.

If exceptions were disregarded, checking that all loads and
ownership requests have been completed would be enough

to start the transaction commit. However, to ensure that the
entire transaction is committed atomically, it is necessary to
check that none of its instructions are marked as faulty after
executing (instructions marked with a fault will generate an
exception once they try to commit at the head of the ROB).

Once transaction commit starts, the entire L1D is locked
and XBEGIN is allowed to commit, as well as all other
instructions in the transaction. Stores are naturally allowed to
complete after committing. Strictly speaking, cachelines that
were only read during transactions do not need to be locked
through the commit stage, because all loads already executed
and their loaded values are kept in the ROB. Cachelines that
were not accessed during the transaction do not need to be
locked either. Thus, only cachelines with pending transactional
stores need to be locked to guarantee an atomic transaction
commit. However, this would imply storing the write set
of the transaction in the cache with additional metadata or
sending messages before transaction commit to lock only the
required cachelines. In addition to avoiding more complex
modifications, we favor the coarse-grained locking option
because the time during which the cache is locked should
be small, as all the instructions have been executed and the
latency for loading missing cachelines into L1 has already
been paid.

When XEND reaches the head of the ROB, it behaves like
a full memory barrier, so it can only be committed once all
transactional stores have been completed and the SB is empty.
Therefore, it is safe to unlock the cache after this point.

5) Aborts: In LHTM, aborts are performed by squashing
from XBEGIN, which is at the head of the ROB. As previously
mentioned, conflict aborts are generated when completed
loads or ownership requests are hit by a snoop. Explicit and
exception aborts need to be triggered when any instruction of
the transaction is marked with a fault. Specifically, explicit
aborts are generated if the fault was created by XABORT, and
exception aborts follow any of the remaining faults.

If the processor’s fetch stage is blocked due to lack of
resources, a capacity abort is performed if there is not a
valid XEND instruction (i.e., an XEND that is not squashed)
in the ROB. Capacity aborts are also generated if all accessed
cachelines cannot be loaded at the same time into L1D. If the
blocking was instead activated because of a pending interrupt,
the transaction needs to be aborted in order to handle it.

C. Microarchitectural changes

This section lists our proposed modifications for adding
LHTM support to an OoO processor, which are also sum-
marized in Fig. 2.

Firstly, when XBEGIN reaches the head of the ROB, it is
stalled by preventing it from committing until the conditions
for transaction commit are met. A 2-bit register can indicate
the state of the transaction: ts_none when executing non-
transactional code, ts_exec when XBEGIN reaches the head
of the ROB (and while waiting for transaction commit) or
ts_commit.
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Fig. 2. Modifications needed to support LHTM in an OoO processor

When in ts_exec mode, the ROB needs to be monitored
to check if the current transaction can be committed “in one
go”. For this, we include a bitmap that indicates whether the
corresponding ROB entry will stop the transaction commit
process. Each bit is set by ORing three conditions (ignoring
squashed instructions): the entry is an XEND, the entry is
not executed, or the entry is marked with a fault. A priority
encoder can then be used to get the index of the entry closest
to the head of the ROB that would stop the transaction commit.
If this entry is an XEND, LHTM can enter ts_commit
(pending completion of ownership requests). If the entry is an
instruction that is not ready or none of the bits are activated in
the entire array, LHTM remains in ts_exec. If the entry is
marked with a fault, an abort is triggered to avoid generating
an exception in the transaction commit. Capacity or interrupt
aborts also need to be generated if the fetch stage is blocked
and the entire bitmap is unset.

Meanwhile, the number of accessed cachelines can be
calculated by looking at the LQ and SQ, in order to trigger
a capacity abort if at any point the L1 associativity limit is
exceeded.

The remaining condition to enter ts_commit requires
checking that all ownership requests have been completed.
Ownership requests must be generated for stores that execute
in ts_exec. A bit per SQ entry can indicate whether the
ownership request corresponding to each store has been com-
pleted. By always forwarding downgrade snoops from the L1D
in addition to the already-present invalidation snoops, the core
can search the SQ to find stores that are hit and that completed
their ownership request.

Lastly, all L1D cachelines must be locked during transaction
commit. This locked state can be signaled for the entire cache
with a single “locked” flag. When locked, the cache will delay
all external requests. The flag would then be activated and
deactivated after the core signals ts_commit start and end,
respectively.

D. Known limitations

LHTM requires holding the transaction in the speculative
state of the processor, introducing severe restrictions that we
summarize now. If any of these restrictions cannot be met, an
abort will squash the transaction.

• There cannot be system calls, exceptions or interrupts that
prevent transaction commit.

Pipeline width 5 fetch/5 decode/5 rename/10 dispatch/ 10 is-
sue/10 commit

Physical registers 180 integer + 180 floating-point
ROB 352 µop entries, eager squash
LQ 128 entries
SQ 72 entries
RAS 64 entries
Branch predictor LTAGE
Memory dependence Dependence prediction with store sets
Caches 64B line size, write-back, write-allocate, strictly

inclusive, LRU replacement policy
L1 instruction 32KiB, 8-way, 1-cycle latency
L1 data 48KiB, 12-way, 1-cycle access latency
L2 512KiB, 8-way, 10-cycle access latency
L3 Shared, 4MiB per core, 16-way, 45-cycle access

latency
Memory 80-cycle access latency
Coherence Three-level MESI protocol interconnected with a

crossbar, directory embedded in LLC

TABLE I
CONFIGURATION PARAMETERS

• All instructions from XBEGIN to XEND must fit in
the ROB. In this respect, misprediction squashes count
towards capacity limits in processors with lazy squashing
(i.e., in processors where resources for squashed instruc-
tions are not freed immediately, and instead are only
released once the squashed instructions reach the head
of the ROB). As a consequence, it is recommended to
incorporate eager squashing or to avoid complex control
flow within transactions.

• To ensure that all blocks accessed in the transaction fit
into L1D, the number of accessed cachelines should not
be greater than L1D associativity (e.g., a maximum of 8
different cachelines for our simulated system).

Therefore, capacity aborts in our proposal can be caused
either because the transaction overflows the core’s structures
—ROB, SQ, LQ and register allocation table— or because
accessed cachelines do not fit at the same time in L1D.

IV. EXPERIMENTAL METHODOLOGY

We develop an implementation of LHTM in gem5 [13], an
open-source cycle-level simulator that has become the standard
for evaluating and exploring computer architecture designs.
Specifically, we simulate gem5’s OoO CPU model (O3CPU)
in full-system mode for the x86-64 ISA.

We define a processor with 32 cores, each configured after
an Intel Ice Lake core [24] with the parameters shown in
Table I. The memory hierarchy is simulated with Ruby and the
interconnect is modeled with GARNET [25]. The underlying
OS is Ubuntu 24.04 with the Linux kernel 6.8.0.

To evaluate the advantages of LHTM, we run several
data structure benchmarks [14], including arrayswap (atom-
ically exchanging elements on two random array indexes)
and operations on a binary search tree (BST), sorted-list,
hashmap, deque, queue and stack. Operations for arrayswap,
deque, queue and stack require a single simple transaction.
The remaining data structures use MCAS-like transactions:
before inserting or deleting elements, the addresses of adjacent
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elements are read, and the update is performed (with a single
atomic operation) only if adjacent elements were not changed
by an update from another thread. If the MCAS operation fails,
it needs to read adjacent elements again and be retried [14].
We avoid using STAMP [26], a widely adopted benchmark
suite for HTM proposals, due to its coarse-grained transaction
style, as most of its workloads (except for kmeans and SSCA2)
diverge significantly from our motivating applications with
small, constrained transactions.

We report the results of performing a mixed selection of
operations (10% insertions, 10% deletions and 80% lookups)
for the sorted list, hash map and binary search tree. For stack,
queue, deque and arrayswap only updates are performed.

For each benchmark, we compare a coarse-grained lock-
ing alternative1 and an Intel TSX-like [2] HTM against our
proposal. The software wrapper for starting and finishing
transactions in TSX and LHTM is identical. This wrapper
includes an abort handler that introduces a random exponential
backoff period between retries and resorts to a single global
lock in the fallback path. Additionally, to avoid the lemming
effect [27] it waits until the lock is free before retrying and
does not count conflict-induced aborts that occur while the
lock is held towards the retry limit. Since it is unrealistic
to expect programmers to manually tune the retry policy for
each application, we set the maximum number of retries to
the configuration that reported the best overall performance
between 1 and 10 retries (specifically, 6 retries for TSX and
5 for LHTM). Results are averaged between 10 runs of each
benchmark. gem5 is a deterministic simulator, so we introduce
variability between runs by adding different delays before
entering the region of interest.

V. EXPERIMENTAL RESULTS

This section compares the locking baseline, the TSX-like
HTM and LHTM. In all figures shown, benchmarks are placed
from left to right following an order of high to low contention.

A. Execution time

Fig. 3 shows the normalized execution time for all bench-
marks. Deque, queue and stack provide high contention tests

1Except for arrayswap, for which we instead evaluate the simple fine-
grained alternative of protecting each element with a separate lock.

stack
queue

deque

arrayswap

sorted-list bst
hashmap

average

Benchmark

0.0

2.5

5.0

7.5

10.0

Ab
or

ts
 p

er
 c

om
m

it

TSX LHTM

Fig. 4. Aborts per committed transaction

for the HTMs, as it is difficult to extract any speedup through
parallelism. Both HTMs generate overhead when compared to
the simple locking alternative in these scenarios. In arrayswap,
with more room for parallel accesses, the HTMs manage to
outperform fine-grained locks. In all the mentioned workloads
(deque, queue, stack and arrayswap), LHTM achieves a lower
execution time than TSX. The main difference between TSX
and LHTM that results in this performance disparity lies in
LHTM’s ownership requests. LHTM’s ownership requests are
generated as soon as the target address of transactional stores is
determined. In contrast to TSX, cachelines accessed by stores
are added to the write-set before the store instruction is com-
mitted. In these benchmarks with extremely short transactions
(specially arrayswap’s, with just 4 mov instructions), we found
that triggering conflict-related aborts earlier in the transaction
reduced the final number of total aborts, which is reflected in
execution time. The average performance of LHTM and TSX
for the remaining workloads, which have less contention, is
similar.

B. Aborts per commit

Fig. 4 shows the average number of aborts per commit in
each workload. Given that we perform many lookup operations
in the low-contention workloads and that a backoff period is
included between retries, the final aborts per commit ratio
in sorted-list, BST and hashmap is small (0.065, 0.008 and
0.008 respectively on average for TSX). In the high-contention
workloads, in line with TSX’s increased execution time, TSX
performed 13.87% more aborts per commit on average.

C. Abort cause

In Fig. 5, we group aborts per abort cause and normalize
each group against TSX’s total aborts. The vast majority of
aborts are caused by conflicting threads, as the short trans-
actions we evaluate are unlikely to suffer interrupt, capacity
or exception aborts. As the ratio of aborts per commit in the
low-contention workloads is small, differences between TSX
and LHTM in Fig. 5 for sorted-list, BST and hashmap do not
heavily impact execution time.

D. Commit breakdown

In Fig. 6 we compare the number of transactions that com-
mitted speculatively, grouped by the number of retries before
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Fig. 7. Squashed instructions retired from the ROB (due to a transaction
abort) per abort

committing, and the number of transactions that committed
through the fallback path for each HTM. We normalize against
TSX’s total commits to show that, although some of our
benchmarks use MCAS-like transactions, which might have
to be repeated even if they commit correctly, the total number
of commits is similar between HTMs.

E. Squashed instructions

Fig. 7 shows the number of instructions that were squashed
and retired from the ROB for each transaction abort. Although
TSX has access to a checkpoint to rollback on abort, it still has
to flush the entire pipeline before doing so. As a result, it needs

to squash a considerable number of instructions, similarly to
our proposal. However, TSX does not buffer transactional
instructions in the ROB and can start retiring them before
transaction commit. This results in a smaller average number
of remaining instructions in the ROB that need to be squashed
when transactions are aborted in TSX.

VI. RELATED WORK

The Rock processor’s HTM design [28] took advantage
of the checkpointing system that it used as an alternative
to the ROB. Additionally, it committed atomic updates by
acquiring locks in L2 and draining the store queue, which
buffered transactional stores. It was described as an HTM
implementation that introduced minimal additional changes
to the existing processor design (just the ability to set locks
in L2) and targeted “efficient execution of moderately sized
transactions that fit within the hardware resources” [28].

Similarly to Rock, checkpointed multiprocessors [29] in-
corporated checkpointing into the base speculation support
of the processor, although usually in conjunction with a
ROB. Thus, implementations such as Bulk [5] can naturally
introduce HTM support in-core without modifications to cache
coherence protocol or first-level caches.

An implementation based on taking advantage of already
present speculation mechanisms was considered for AMD’s
Advanced Synchronization Facility (ASF) proposal, but was
ultimately discarded [30]. ASF targeted guaranteeing forward
progress in the absence of contention and exceptions for
transactions that access few cachelines, and therefore could
not allow the spurious aborts caused by the limitations of the
speculation hardware (e.g., store queue overflows) [30].

Nagabhiru and Byrd [31] advocate for constrained trans-
actions, for the main use-case of lock-free programming with
MCAS implemented through HTM. As with constrained trans-
actions in z/Architecture’s HTM [32], they guarantee forward
progress without the need of a fallback path, but introduce
important changes to the cache-coherence protocol.

Lastly, Kafousis [33] also makes the case for simplified
HTM as a universal multi-word atomic primitive. Like ours,
this implementation generates ownership requests in prepara-
tion for committing modifications atomically in L1, but defers
them until the end of the transaction to reduce the number of
aborts. Contrary to our proposal, the focus is on modifications
to the first-level cache.

VII. CONCLUSION

When early HTM proposals started to show promising
benefits, several companies incorporated HTM support in their
processors. Over the years, however, interest diminished and
many of these implementations have been disabled [7], [34].
The unfavorable tradeoff of a complex hardware implementa-
tion that benefits a limited number of use cases likely factored
heavily in this decision.

With LHTM, we show that with simple changes, many
of the benefits of HTM, particularly for small transactions,



can be obtained. Furthermore, by reusing in-core support for
speculation, we reduce the attack surface for potential vulner-
abilities that might have taken advantage of a checkpointing
mechanism.
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