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Abstract
Despite the recent improvements in supporting Persistent

Hardware Transactions (PHTs) on emerging persistent mem-

ories (PM), they have largely overlooked the poor perfor-

mance of Read-Only (RO) transactions, which suffer from

two crucial bottlenecks: i) the considerable post-commit de-

lays required to ensure consistency with concurrent update

transactions; and ii) thewell-known tight read capacity limits

of the commercially available HTM implementations.

We propose FUR, a new design for PHT that eliminates

the two most crucial bottlenecks that hinder RO transactions

in state-of-the-art PHT. At its core, FUR exploits advanced

instructions that some contemporary HTMs provide to sus-

pend (and resume) transactional access tracking.

With the exception of workloads comprised of 100% up-

date transactions, our experimental evaluation with an IBM

POWER9 system using the TPC-C benchmark shows that

FUR can outperform the state of the art designs for persistent

hardware (SPHT) and software memory transactions (Pisces

or SpecPMT-based) by up to 6.17×.
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Figure 1. Throughput of RO transactions in a read-

dominated TPC-C workload (Payment transactions on 1

thread + multiple threads running Order status transactions).

1 Introduction
The emergence of the Compute Express Link (CXL) technol-

ogy [22] has sparked a profound shift towards high-capacity

and high-throughput Persistent Memory (PM) devices. With

CXL 2.0, the first commercial PM devices are already under

development [45, 53, 57] and, in a near future, disaggregated

CXL 3.0-based PM [28] will become a reality. The rise of byte-

addressable PM allows bridging the gap between volatile and

scarce memory vs. persistent and large disk storage, which

has guided decades of software design.

At first glance, the low synchronization overheads of

Hardware Transactional Memory (HTM) [40] make this

technology a attractive solution for handling concurrent

transactions accessing shared data that is durably stored in

PM. However, existing HTM implementations do not guar-

antee that updates generated by a committed transaction

are atomically transposed from the (volatile) CPU cache to

PM [9, 13, 29, 30]. A number of proposals of Persistent Hard-

ware Transactions (PHT) extend off-the-shelf HTM imple-

mentations with software-based schemes, which ensure that

the effects of hardware transactions on PM remain consistent

in the presence of system crashes [12, 13, 29, 30, 47].

Read-only (RO) transactions are dominant in many real-

world workloads [11, 17, 20, 21, 23, 48, 52, 55, 60, 67]. There-

fore, the design of PHT should prioritize their performance.

However, while the state of the art in PHT has achieved
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important improvements on the scalability of update trans-

actions [12], it has largely overlooked the poor performance

of RO transactions.

To support this claim, we set out a simple experiment

where a variable number of threads concurrently execute

order status RO transactions from the TPC-C benchmark [1],

while a single thread continuously runs payment update
transactions. We use this workload to study three represen-

tative systems: SPHT [12], a PHT; Pisces [32], a Persistent

Software TM (PSTM); and plain HTM, as a non-durable base-

line. We use an IBM POWER9 machine with a total of 32

cores, supporting HTM and Simultaneous Multithreading

(SMT) (for detailed specifications, see §4). Up to 32 threads,

each thread runs alone on a dedicated core; beyond that,

thread pairs are co-located in the same core, which roughly

halves the per-thread transactional capacity.

Figure 1 shows the RO transaction throughput of each

solution, as we increase the number of RO threads. Despite

the promises of HTM-based solutions, their performance is

disappointing, while PSTM is the most competitive. This can

be explained by three main observations, depicted in the plot.

1 HTM is faster than STM when running with enough ca-

pacity (up to 32 threads). 2 As soon as capacity drops, read

sets no longer fit in HTM; thus, HTM-based solutions start

thrashing with capacity aborts and falling back to the single

global lock path, a well-known limitation [15]. 3 Even in

the HTM-friendly zone (up to 32 threads), SPHT imposes a

substantial overhead, which makes it less competitive than

STM. In fact, to guarantee consistency in the presence of

crashes [58], any RO transaction, 𝑅, that completes its exe-

cution must wait until any write that 𝑅 might have observed

is already durable. In SPHT, this is enforced by a durability
wait that only terminates after any transaction that either

executed before or concurrently with 𝑅 has become durable.

The main goal of this paper is to eliminate the fundamen-

tal bottlenecks of RO transactions in PHT, thereby achieving

“our target” in Figure 1. We take advantage of instructions

for suspending (and resuming) access tracking inside hard-

ware transactions, which are offered by commercial HTM

implementations. We draw inspiration from existing pro-

posals that exploit such instructions to relieve hardware

transactions from the read capacity bounds of HTM [27].

Their approach is to suspend load tracking, which grants the

transaction unlimited read capacity. To prevent a potential

breach of isolation, update transactions perform an isolation
wait before they can safely commit in HTM.

As a first contribution, we empirically demonstrate that

naively combining existing proposals in PHT designs and

unlimited reads techniques incurs prohibitive overheads.

These findings motivate our second contribution, the
design of Fast and Unlimited Reads (FUR). FUR relies on two

main building blocks: a novel RO durability wait that spares
RO transactions from the need to wait for concurrent update

transactions to become durable; and, a set of new techniques

(opportunistic redo log flushing and partially-ordered durabil-
ity markers) that exploit the isolation wait as an opportunity

to rethink the expensive durability stages of update trans-

actions. These building blocks together with the unlimited

reads feature allows FUR to overcome the two key limitations

depicted in Figure 1: HTM capacity and durability overheads.
FUR can ensure either opacity [33] (the established cor-

rectness criteria in transactional memory literature) or the

weaker Snapshot Isolation (SI) [10, 16, 24]. This choice en-

tails a trade-off: with opacity, only RO transactions benefit

from unlimited reads; with SI, all transactions do.

As a third contribution, we implement and experimen-

tally evaluate FUR on an IBMPOWER9 system. Using diverse

workloads from the TPC-C benchmark [1], we compare FUR

with systems that, to our knowledge, are among the most

competitive proposals for durable memory transactions on

PM: SPHT [12] (PHT), Pisces [32] (reader-optimized PSTM),

and a PSTM based on the recent SpecPMT logging method

[66]. Our results show that, with the exception of workloads

comprised of 100% update transactions, FUR consistently

surpasses all the state-of-the-art systems at each workload,

outperforming SPHT, Pisces and SpecPMT at peak through-

put by up to 3.68×, 3.99× and 6.17× (resp.).

We believe that, by achieving these gains, FUR repositions

HTM as a key building block for the new generation of appli-

cations to embrace the upcoming CXL-based PM technolo-

gies. Our results also highlight the power of suspend/resume

access tracking in HTM. In a hardware/software co-design

perspective, we believe that our results constitute solid evi-

dence that the recent trend led by Intel of introducing instruc-

tions for suspending load tracking in its latest processors

should be generalized to suspension of both load and store

tracking, as well as be adopted by other microprocessor man-

ufacturers. Further, we also discuss how a subset of FUR’s

features can be adapted to today’s off-the-shelf Intel HTMs.

The paper is organized as follows. §2 presents background

and related work, as well as a preliminary study that high-

lights the challenges that lie ahead. §3 describes the design of

FUR. §4 experimentally evaluates FUR. Finally, §5 discusses

our work and §6 concludes it.

2 Background and Related Work
This section provides background on HTM and surveys re-

cent proposals to extend HTM with durability and with un-

limited reads. We start by describing existing HTM systems

in §2.1. Then, we survey the state of the art on improving

hardware transactions with durability (§2.3) and unlimited

reads (§2.2). Finally, in §2.4 we show that, although tech-

niques from the two previous sections can be directly com-

bined, such combination yields disappointing performance.
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2.1 Hardware transactional memory
HTM provides a hardware-based implementation of the fa-

miliar abstraction of atomic transactions. As of today, HTM

implementations are offered by major CPU manufacturers

such as Intel [69], ARM [5] and IBM [44]. Despite their

differences, all commercially available HTM implementa-

tions keep track of the transactions’ accesses within per-core

caches. This implies two fundamental limitations.

A first limitation stemming from the cache-centric de-

sign of current HTM systems is that current HTM systems

abort when a transaction’s footprint exceeds the transac-

tional cache capacity. As such, applications must rely on an

inefficient Single Global Lock (SGL) fallback mechanism.

The second limitation is that, upon the commit of a

transaction, its updates are not atomically flushed to PM.

This becomes problematic if hardware transactions access

persistent objects residing on a PM device. In fact, if the

system crashes after a hardware transaction has committed,

some of its writes on PM locationsmay not have yet persisted.

Hence, they may be lost when the system later recovers.

Besides the basic primitives for transaction demarcation

(htmBegin, htmCommit, htmAbort) some HTM implementa-

tions provide extensions that let the program temporarily

suspend the tracking of a certain kind of memory accesses,

and later resume it. During a suspend-resume window, the

untracked memory accesses are not added to the local trans-

actional cache, hence they neither take up the capacity of

such cache, nor are they considered for conflict detection.

Evidently, inadvertently suspending access tracking can lead

to isolation anomalies.

Among today’s landscape of commercial HTM implemen-

tations, IBM POWER CPUs provide the richest set of primi-

tives. The program can, at any point in a transaction’s life-

time, suspend tracking of any access and later resume. Fur-

thermore, tracking suspension of loads (but not stores) can

be requested for the whole duration of a transaction by pass-

ing a specific flag to htmBegin. Transactions of this kind are

also called Rollback-Only Transactions (ROTs) [44].
As for Intel, the latest version of its Transactional Syn-

chronization Extensions (TSX) has introduced the possibility

of suspending load tracking (with the new XSUSLDTRK and
XRESLDTRK instructions [2]). On the other extreme of the

spectrum, ARM’s Transactional Memory Extension (TME)

does not currently allow any control over access tracking.

Our work exploits access tracking suspension primitives

in novel ways. From here on, we consider the richest set of

primitives, as offered by IBM POWER. Later on, in §5, we

also discuss how our proposal can be adapted to Intel’s HTM.

2.2 Unlimited reads with HTM
Recent proposals extend unmodified HTM implementations

with a software layer that is able to stretch or even eliminate

the read capacity limitations of HTM [26, 27, 36, 37]. To

w(X,1)

r(X)=0TA

TB

CommitTx()

CommitTx()

r(X)=1BeginTx()

htmBegin htmCommit

w(X,1)TB
htmBegin

A hypothetical
isolation violation

How SI-HTM
prevents it Isolation wait

BeginTx()

abort!

Figure 2. How SI-HTM prevents isolation violations.

our knowledge, these proposals focus on volatile hardware

transactions (not PHT). SI-HTM [27] currently stands out

as the only solution that is able (i) to grant unlimited reads

to both RO and update (hardware) transactions, while (ii)

enablingmultiple update transactions to run concurrently. SI-

HTM relies on the primitives for suspending access tracking.

In SI-HTM, update transactions are executed entirely with

no load tracking, which grants them unlimited reads. RO

transactions run outside any transactional context, thus also

benefit from unlimited reads, as well as no HTM overhead.

This raises a consistency challenge: concurrent transac-

tions with untracked loads may lead to isolation anomalies.

In the example in Figure 2, transaction 𝑇𝐴 reads twice from

the same memory location, 𝑋 , whereas transaction 𝑇𝐵 con-

currently modifies 𝑋 and commits. Since 𝑇𝐴’s first read hap-

pened before the concurrent write and the second read was

after the write became committed,𝑇𝐴 observes two different

values from the same location, which constitutes an undesir-

able non-repeatable read anomaly [10]. (Note that, if these

reads were tracked by the HTM, it would abort 𝑇𝐴, thus

preventing the anomaly.)

SI-HTM prevents this anomaly by making update trans-

actions that reach CommitTx() wait until every concurrent

transaction that is active at that point is no longer active; i.e.,

has performed its last transactional access, or aborted. We

call this an isolation wait. Only after completing the isolation

wait can an update transaction commit in HTM.

The bottom of Figure 2 illustrates how the isolation wait

prevents the isolation anomaly in the previous example. The

isolation wait ensures that, if a waiting update transaction

(e.g.,𝑇𝐵) has performed anywrite that is subsequently read by

a concurrent transaction (e.g.,𝑇𝐴), a read-after-write conflict

will occur while the former is waiting. The HTM detects

the conflict (since the write is tracked) and aborts one of the

conflicting transactions. This holds in all contemporaryHTM

implementations that support access tracking suspension

(IBM POWER and Intel). If the reader is an RO transaction

(thus, running outside HTM), then the writer is always the

victim, since an RO transaction does not run in HTM.

To put the above recipe into practice, each thread in SI-

HTM shares a variable that advertises the thread’s current

state, which can be: inactive, not executing a transaction;

active, executing a transaction; or waiting, performed the
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last memory access but still waiting for safety. For update

transactions, the transition from active to waiting happens

before the transaction has committed in HTM. To ensure

that such state transition is immediately observable by other

threads (which might also be in their isolation wait), the

thread first suspends all access tracking, the new (waiting)
state of the transaction is externalized and access tracking

is then resumed again. Finally, the thread scans the state of

every other thread and spins until any thread initially found

in the active state has transitioned to a different state. As

soon as that condition is met, the isolation wait is over and

the thread can commit in HTM.

It can be proven [27] that this isolation wait guarantees a

fundamental property:

Property 1. Given any pair of concurrent transactions (i.e.,
with overlapping beginTx invocation to commitTx response
intervals), neither one can read from the writes performed by
the other.

Filipe et al. [27] show that this property is sufficient to pro-

vide SI. However, it does not ensure that concurrent update

transactions are opaque [33] among each other. A simple

workaround to achieve opacity is to run update transactions

as full HTM transactions (i.e., tracking loads). A drawback

is that update transactions loose unlimited reads – only RO

transactions retain that advantage.

2.3 Persistent hardware transactions
Expanding the abstraction of TM to interoperate with PM in

architectures where CPU caches remain volatile – as in the

ADR persistence domain [56] – requires additional mecha-

nisms. The usual requirement is to ensure that opacity [33]

(the established correctness criteria in transactional memory)

is preserved even if the system crashes and recovers, which

is captured by the formal notion of durable opacity [58].

A traditional approach is to use Write Ahead Logging

(WAL) techniques [42], in which a transaction logs all mod-

ifications to PM before actually modifying them. The first

works on persistent TM were based on software (PSTM),

namely Mnemosyne [59] and NVHeaps [19]. These early

solutions catalyzed many subsequent improved PSTM de-

signs [3, 8, 42, 43, 47, 63, 65, 66]. Among recent proposals,

Pisces [32] is the most related to our paper, since its design

also prioritizes the performance of RO transactions. Pisces

achieves this by leveraging the weaker semantics of Snapshot

Isolation (SI) [10, 16, 24].

Let us now focus on HTM. Since HTMs rely on cache

coherency protocols and internal hardware buffers to han-

dle synchronization, one cannot repurpose such mecha-

nisms to use WAL without modifying their implementa-

tion [6, 7, 31, 38, 39, 61, 62]. The reason is that existing HTM

implementations disallow flushing caches from within an

active hardware transaction – the idea at the basis of WAL.

Durability wait

W1
W2
W3

T
durTS=9

durTS=7 durTS=15

durTS=13 durTS=17

durTS=9 durTS=24

durTS=13 durTS=NA

durTS=NA	

durTS=NA	

durTS=NA	

TS=11 TS=19

W4

W5

Legend:
Executing in HTM

Flushing redo logs

+ durMarker to PM

htmBegin htmCommit

Figure 3. Example execution with SPHT.

The first systems to reconcile off-the-shelf HTMs with

durability guarantees were proposed by cc-HTM [30],

DudeTM [47], NV-HTM [14] and Crafty [29]. More recently,

SPHT [12] revised such designs to achieve enhanced scala-

bility. All these proposals (except for Crafty) share a com-

mon design backbone. They rely on the OS’s Copy-on-Write

(CoW) support to transparently create a volatile working

snapshot. Transactions operate on such a snapshot. Transac-

tional writes to the volatile snapshot are described in durable

per-thread redo logs maintained in PM. Such redo logs are

replayed on the original persistent heap in PM, typically in

background, in order to bound the log’s growth. Upon recov-

ery, the durable redo logs are also replayed to reconstruct

the durable contents of the persistent heap.

The life cycle of a transaction is illustrated in Figure 3. It

comprises two phases. First, the non-durable phase occurs
when a transaction, 𝑇 , executes in HTM. During execution,

for each write (performed on the volatile snapshot), an entry

describing the write is added to a per-thread redo log in PM.

Once 𝑇 has performed its last access, 𝑇 obtains a physical

timestamp, also known as durability timestamp (durTS), be-
fore committing in HTM. This timestamp determines the

order in which𝑇 ’s redo log will be replayed, relative to other

transactions’ redo logs. Since durTS is obtained from within

the hardware transaction, it is guaranteed that the durTS
order is consistent with the transaction serialization order

determined by the HTM [14].

Each thread’s durTS is a shared variable that can be ob-

served by other threads. Since assigning a physical clock

to durTS from within the hardware transaction may lead to

spurious aborts, recent PHT solutions adopt the following

optimization. Before committing in HTM, 𝑇 reads the physi-

cal clock to a private variable. Only after 𝑇 has committed

in HTM does𝑇 advertise the private timestamp in𝑇 ’s durTS.
For the sake of correctness (as we discuss next), a committed

transaction cannot hold a null durTS. Therefore, each thread

that is about to begin a transaction starts by assigning an

initial, conservatively low value to its durTS.
After executing, 𝑇 commits in HTM and, if successful,

enters the durability phase, which ensures that its writes
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Figure 4. Comparing the throughput of SPHT and SPHT+SI-

HTM, in a mix of 95% order status and 5% payment transac-
tions from TPC-C, with disjoint warehouse accesses

are durable – i.e., will be visible upon recovery if the sys-

tem crashes – before the thread returns to the application.

Firstly, 𝑇 flushes each redo log entry. Each transaction is

only considered durable after it has persisted a durable
marker (durMarker) that includes durTS. However, flush-
ing the durMarker to PM requires careful coordination with

other threads, in order to ensure that an update transaction

𝑇 does not become durable (i.e., flushes its durMarker) before
any update transaction from which 𝑇 has read.

A possible approach to ensure the above property is to

have𝑇 first carry out a durability wait, in which a transaction
waits until every transaction with a lower durTS has either
become durable or aborted. Only then can the transaction

flush its durMarker to PM and return to the application.

The durability wait is a well-studied bottleneck [12] and

Figure 3 illustrates why. Let us consider the durability wait

conducted by transaction𝑇 . Since𝑊1,𝑊2 and𝑊3 committed

before 𝑇 , 𝑇 may have observed their writes. Hence, 𝑇 must

wait until these transactions become durable. Still, there are

less intuitive scenarios that force 𝑇 to wait also for transac-

tions whose writes it never observes. This is the case with

transactions𝑊4 and𝑊5:𝑊4 will commit after𝑇 , whereas𝑊5

will simply abort. However, when 𝑇 checks their durTS, it
sees a lower value, which was conservatively set before they

began. Therefore, 𝑇 must (spuriously) wait until their durTS
are updated (either upon commit or abort).

Since RO transactions produce no persistent effects, they

skip the redo log and durMarker flush logic. However, they

still have to go through the durability wait. Otherwise, an RO

transaction could externalize (to the application program)

the effects of transactions that are not yet durable. As Fig-

ure 1 has shown, the RO durability wait represents a strong

performance penalty that, to our knowledge, no prior work

in PHT has addressed.

2.4 Why not just combining durability with
unlimited reads in PHT?

To the best of our knowledge, no prior work has unified dura-

bility and unlimited reads in hardware transactions. Yet, such

unification is relatively straightforward to achieve. We start

by adopting SPHT’s architecture and design. Further, we

inject the main features of SI-HTM into update transactions,

namely: run without load tracking and perform SI-HTM’s

isolation wait (before htmCommit). Finally, we replace the

htmBegin/htmCommit instructions from RO transactions by

routines that implement the active/inactive state transitions.
As a first exploratory step, we have implemented this

no-frills SPHT+SI-HTM combination and experimentally

compared its performance with SPHT. Unfortunately, this

revealed a prohibitive side-effect of SPHT+SI-HTM.

To understand it, Figure 4 presents results obtained when

running both systems with a mix of 95% order status RO
transactions and 5% payment update transactions. We dis-

abled SMT and restrict each thread to access a disjoint ware-

house. The former setting grants large-enough transactional

caches to prevent capacity aborts. The latter ensures neg-

ligible aborts due to transactional conflicts. Hence, we can

compare the durability overheads without noise incurred by

different capacity/conflict abort rates of each solution.

The left plot (in Figure 4) shows that SPHT+SI-HTM ex-

hibits considerably lower throughput than SPHT. This dis-

advantage can be explained by two decisive differences that

stand out when we analyze the latency profile of each type

of transaction. First, the middle plot shows that RO trans-

actions spend up to 7× more time in their durability wait

in SPHT+SI-HTM (than in SPHT). This is explained by a

cascade effect: by injecting an isolation wait in update trans-

actions, they take longer to commit in HTM (see the right

plot); consequently, the durability wait conducted by RO

transactions also takes longer to complete.

Moreover, update transactions are also strongly penalized,

as the right plot shows. Not only do they need to include the

isolation wait in their critical path, but also the post-HTM

durability routines of SPHT now take considerably longer –

for the same reason as above.

3 FUR
The previous preliminary study shows that, to effectively

address the evident performance bottlenecks that state-of-

the-art PHTs inflict on RO transactions (recall §1), we need

much more than a no-frills combination of techniques for

durability and unlimited reads.

To accomplish this main objective, the design of FUR com-

bines some core mechanisms of SPHT and SI-HTM, and

deeply rebuilds them by employing three innovative tech-

niques. First, we propose a pruned RO durability wait that
spares RO transactions from the need to wait for concurrent

update transactions. In practice, this optimization reduces

the RO durability overheads to a negligible level. We also

introduce two techniques, opportunistic redo log flushing and
partially-ordered durability markers, that substantially opti-

mize the durability steps of update transactions in FUR, when

compared to SPHT. This compensates for the additional la-

tency that FUR’s isolation wait incurs on update transactions,
5



time saved wrt SPHT
W1
W2
W3

R
durTS=6

W4

W5

Legend:
Executing in HTM

htmBegin htmCommit









Isolation wait




Pruned

durability wait

flush 

durMarkerOpportunistic redo log flush


durTS=atomicInc(clock)







durTS=7

durTS=8

durTS=9

aborted



time saved wrt SPHT




pa
rt

ia
lly

-o
rd

er
ed

 d
ur
M
ar
ke
rs

Figure 5. An example execution of FUR, highlighting its

main optimizations

and even outweighs it in several update-dominated work-

loads, as we show in Section 4.3.

FUR adopts the base architecture of the state of the art

in durable HTM (§2.3), in which transactions execute on a

DRAM-hosted shadow copy of the persistent heap. FUR com-

prises two main processes: the working process and the log
replayer. The working process has parallel working threads
that are responsible for executing the application (transac-

tional and non-transactional) code. When created, the work-

ing process receives an argument that specifies which iso-

lation criterion it must enforce. FUR supports both SI and

opacity. This choice entails a trade-off: with SI, every trans-

action benefits from unlimited reads; whereas, with opacity,

only RO transactions do.

Transactions can access persistent locations that are origi-

nally stored in a data file residing in PM. Theworking process

maps this PM file as a persistent heap in CoW mode (private

mode in mmap). This mechanism transparently duplicates in

DRAM any page that is altered. The working process also

maps an additional persistent heap in shared mode, where it

allocates the redo logs. Updates to this persistent heap are

directly propagated to the PM, bypassing the OS page cache.

The log replayer process replays the durable logs pro-

duced by transactions into the persistent heap. It is activated

upon recovery, but can also be executed during transaction

processing either in background (to prune the logs) or syn-

chronously (when the logs’ capacity is exhausted).

Figure 5 showcases FUR’s working process in action, high-

lighting the main optimizations that it employs. Its pseudo-

code is reported in Algorithm 1. In the following sections,

we describe it in detail. We start with its non-durable phase

(§3.1) and then proceed to the durability phase (§3.2). Finally,

we address FUR’s log replayer (§3.3).

3.1 Non-durable execution phase
We start by focusing on the non-durable execution phase,
which operates on the volatile snapshot of the persistent

heap. Each thread has a reserved entry in a shared state
array (as in SI-HTM), which announces the thread’s current

Algorithm 1 FUR

1: durMarkerArray, redoLog[N] ⊲ Shared persistent variables (N is number of threads)

2: volatileRedoLog[N], state[N], durTS[N] ⊲ Shared volatile variables

3: isReadOnly, beginTime ⊲ Thread local volatile variables

4: function BeginTx(isolationLevel)

5: beginTime← getTime()

6: state[𝑚𝑦𝑇𝑖𝑑 ] ← {active, beginTime}
7: durTS[𝑚𝑦𝑇𝑖𝑑 ] ← −1
8: isReadOnly← 𝑓 𝑎𝑙𝑠𝑒

9: memfence

10: if isolationLevel=SI then
11: htmBegin(noLoadTracking)

12: else
13: htmBegin(trackAnyAccess)

14: function BeginTxReadOnly()

15: beginTime← getTime()

16: state[𝑚𝑦𝑇𝑖𝑑 ] ← {active, beginTime}
17: isReadOnly← 𝑡𝑟𝑢𝑒
18: memfence

19: function write(addr, val)

20: logWrite(addr, val) ⊲ add redo log entry (without flushing it)

21: ∗addr← val ⊲ execute write

22: function CommitTx()

23: if isReadOnly then
24: state[𝑚𝑦𝑇𝑖𝑑 ] ← {inactive}

25: DurabilityWait()

26: else
27: htmSuspendAnyAccessTracking

28: state[𝑚𝑦𝑇𝑖𝑑 ] ← {inactive}

29: memfence

30: flushRedoLog(volatileRedoLog[myTid], redoLog[myTid]) ⊲ Flush redo log

opportunistically

31: durTS[𝑚𝑦𝑇𝑖𝑑 ] ← atomicInc(globalOrderTs) ⊲ Acquire the next durTS

32: IsolationWait() ⊲ Similar to SI-HTM

33: state[𝑚𝑦𝑇𝑖𝑑 ] ← {non-durable,getTime()}

34: htmResumeAccessTracking

35: htmCommit

36: memfence

37: DurabilityWait()

38: FlushDurMarker(redoLog[myTid], durTS[𝑚𝑦𝑇𝑖𝑑 ], durMarkerArray)

39: state[𝑚𝑦𝑇𝑖𝑑 ] ← {inactive}

40: function IsolationWait()

41: state_snapshot[0..N-1] ← state[0..N-1]
42: for 𝑐 ∈ [0..N-1] : 𝑐 ≠𝑚𝑦𝑇𝑖𝑑 do
43: if state_snapshot[𝑐].isActive then
44: wait while state[𝑐 ] = state_snapshot[𝑐 ]
45: function DurabilityWait() ⊲ Pruned durability wait

46: state_snapshot[0..N-1] ← state[0..N-1]
47: for 𝑐 ∈ [0..N-1] : 𝑐 ≠𝑚𝑦𝑇𝑖𝑑 do
48: if state_snapshot[𝑐].isNonDurable and state_snapshot[c].time < beginTime then
49: wait while state[𝑐 ] = state_snapshot[𝑐 ]
50: function abortHandler()

51: state_ts[𝑚𝑦𝑇𝑖𝑑 ] ← [INACTIVE]

52: if durTS[𝑚𝑦𝑇𝑖𝑑 ] ≠ −1 then
53: writeAbortMarker() ⊲Writes abort marker (asynch.)

state. Besides the original inactive and active states, we add
a non-durable state, which we detail in the next section. The

active and non-durable states are coupled with a physical

timestamp, obtained from the CPU clock just before the

thread enters such states. The physical timestamps serve

two purposes in FUR, which we explain shortly.

When the application calls the BeginTx routine, the thread

starts by setting its state to active (ln.6). In the case of RO

transactions, BeginTx returns without starting any HTM

transaction. For update transactions, a hardware transac-

tion is started and BeginTx returns (as in SI-HTM). If FUR

is configured to enforce opacity, a new hardware transac-

tion is created as a regular HTM transaction. Otherwise,

the hardware transaction starts without load tracking (as in

SI-HTM).
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Shared persistent location can be written via the write
routine,which adds a new entry to the thread’s redo log,

describing the updated address and value, before performing

the write. By definition, an RO transaction is not allowed to

call the write routine, which can be enforced by adding an

assertion. Still, RO transactions can execute store instructions
to private volatile locations. This is analogous to prior PHT

proposals (§2.3).

When the application intends to commit a transaction, it

invokes the CommitTx routine. In the case of an RO transac-

tion, the thread simply changes its state to inactive (ln.24).
Otherwise, the thread takes the following steps to guarantee

Property 1: it suspends any access tracking in the encom-

passing hardware transaction (ln.27), then it announces the

inactive state (ln.28), before it calls the IsolationWait routine
(ln.32). This routine waits until every other transaction that

was active at the beginning of the isolation wait is no longer

in that state (as in SI-HTM). An important detail in this

routine is that the state timestamp lets the waiting thread

disambiguate between an active thread that is still running a
concurrent transaction (hence must be waited for), and the

same thread after having completed the previous transaction

and started a new one (at a higher timestamp). Finally, the

thread changes its state to non-durable and resumes access

tracking, before it finally commits in HTM.

Whereas SI-HTM only had one state transition in the be-

ginning of its isolation wait, FUR requires an additional state

transition just after the isolation wait’s end. Therefore, FUR

stretches the suspended window to cover both transitions.

We have empirically confirmed that this strategy is more

efficient than suspending/resuming twice.

3.2 Durability phase
As soon as a transaction becomes non-durably committed,

it enters the durability phase. Recalling §2.3, this is a poten-
tially cumbersome phase: RO transactions must undergo a

potentially expensive durability wait; while update transac-

tions execute even more costly steps (flushing the redo log,

running the durability wait, and flushing the durMarker).
In FUR, we rethink each durability step, by proposing three

novel optimizations. The first one, pruned RO durability wait,
is able to practically hide the length of the durability wait

of RO transactions. By combining this optimization with

the unlimited reads feature (as described in the previous

section), FUR is able to fulfill the main goal of our paper –

to address the two bottlenecks that hinder RO transactions’

performance in existing PHT systems (recall §1).

Since update transactions in FUR are penalized with a

new time-consuming coordination step (the isolation wait),

we compensate it with two optimizations to their durability

phase, opportunistic redo log flushing and partially-ordered
durability markers. The next sections describe these opti-

mizations, focusing on RO transactions first (§3.2.1), then

update transactions (§3.2.2 and §3.2.3).

3.2.1 Pruned RO durability wait. Recall from §2.3 that

an RO transaction, 𝑅, cannot return to the application before

every transaction from which 𝑅 read is durable. In SPHT,

𝑅 conservatively waits for any update transaction that had

already committed before 𝑅 began, as well as any update

transaction that executed concurrently with 𝑅.

Fortunately, we can take advantage of Property 1. A corol-

lary of this property is that 𝑅 will never read from update

transactions that executed concurrently with 𝑅. Therefore,

we can safely prune the RO durability wait to bypass any

transactions that had not yet HTM-committed when 𝑅 began.

Concretely, in the DurabilityWait routine, a thread scans the

state of all other threads and, whenever it finds any thread in

non-durable state with a timestamp smaller than its own ac-
tive timestamp, it spin-waits until that state changes.For sim-

plicity, we assume perfectly synchronized hardware times-

tamp counters. As in prior research [14], this waiting step

can be generalized to account for the maximum deviation

offsets between any two clocks.

This optimization has a twofold advantage, which Fig-

ure 5 illustrates by revisiting the example from Figure 3. As a

first advantage, by drastically reducing the number of trans-

actions 𝑅 needs to wait for, it returns much earlier to the

application. In this example, 𝑅 only needs to wait for𝑊1 to

become durable, since every other (concurrent) transaction is

bypassed. Furthermore, since the pruned set only comprises

transactions that have committed earlier, it is likely that

these are already durable by the time 𝑅 enters the durability

wait. This is the case with𝑊1 in our example.

In RO-dominated workloads, most accesses to the state
array are writes by RO transactions (as they change state).

These state transitions are read by the durability wait but

have no effect on its logic. If left unaddressed, this interleav-

ing of write/read accesses from different cores to the same

cache lines would trigger many cache invalidations. We pre-

vent this thrashing condition by unfolding the per-thread

state into two arrays (not presented in Algorithm 1, for sim-

plicity). The first array specifies whether a transaction is

active or not; the second array tells whether a transaction is

in the non-durable state or not. The DurabilityWait routine
scans the second array, which is only changed by update

transactions. Therefore, in RO-dominated workloads, cache

invalidations on the second array become rare and Durabili-
tyWait serves most of its reads from L1 cache.

3.2.2 Opportunistic log flushing. Next, we focus on op-

timizations that reduce the overheads of the durability steps

of update transactions by exploiting the isolation wait. We

start by focusing on the redo log flushing step.

In every HTM implementation that we are aware of, hard-

ware transactions cannot flush the cache lines they has writ-

ten to (as that would externalize the writes). However, while

a transaction is in (full) suspended mode, it is allowed to
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perform (untracked) writes and to write-back (without inval-

idating) their cache lines, as long as such cache lines had not

been accessed by the transaction before it suspended access

tracking. Specifically, this is the behavior of IBM POWER.

FUR’s isolation wait, which is performed in suspended
mode, is an opportunity to exploit the above feature to op-
portunistically anticipate the flushing of the cache lines of

its redo log entries. Two implementation details are crucial

to accomplish this goal. First, the redo log entries that are

written by the write routine are part of the transaction’s

write-set (in the transactional cache). Therefore, they cannot

be flushed in suspended mode. To work around this restric-

tion, each thread uses a volatile redo log (ln. 2) while exe-

cuting transactionallyand, in the suspended window, copies

each volatile redo log entry to a the persistent redo log, and

only flushes the latter. Note that, in practice, the volatile log

only needs to store the addresses of each write. Second, the

flush instructions are issued asynchronously. Therefore, the

thread can immediately proceed to the isolation wait while,

in background, the CPU is flushing the cache lines to PM.

After committing in HTM, the thread executes a memory

fence (ln.36). This ensures that the transaction’s durMarker
will only be persisted after the redo-log entries are. Hence,

if a crash occurs before the memory fence completes, no

redo-log entries of this transaction will be replayed upon

recovery.

In §4, we show that, in most cases, such flushes have

already completed before this point. When this happens, the

latency of redo log flushing is effectively hidden.

3.2.3 Partially-ordered durability markers. The two
last steps of the durability phase of update transactions in

FUR are notably simple. An update transaction performs the

same pruned durability wait as RO transactions (see §3.2.1).

Then, it can immediately flush its durMarker (ln.38).
Hence, FUR trades the total order among durMarkers –

which, to our knowledge, underpins all prior PHT proposals

– for a lightweight partial order. To illustrate, let us revisit

the example in Figure 5. The durMarker of the concurrent
transactions {𝑊2,𝑊3,𝑊4} can be flushed in any order; they

must only be ordered after𝑊1’s. This obviates any need for

coordination across concurrent transactions (e.g., SPHT’s

intricate group commit scheme [12]) at this stage.

The same advantages that we get by pruning the durability

wait of RO transactions (see §3.2.1) are also granted to update

transactions. Moreover, the same correctness arguments that

we provide in §3.2.1 also apply to update transactions. Con-

cretely, once an update transaction,𝑇 , that has gone through

its durability wait, it is guaranteed that any transaction from

which 𝑇 might have read is already durable, so 𝑇 can also

safely become durable. This is a corollary of Property 1. In

fact, if a set of concurrent update transactions is performing

their durability phase and, due to a crash, only an arbitrary

subset of them is durable upon recovery, we know that no

write performed by the lost (concurrent) transactions can

have been read by any durable transaction that survived.

3.3 Efficiently replaying partially-ordered logs
In prior PHTs, each logged transaction contains a durMarker.
Hence, the log replayer (LR) needs to scan through every per-

thread’s log to determine the next update transaction to re-

play. This is awell-studied bottleneck [12]. To our knowledge,

the only technique to avoid this scanning phase – SPHT’s log

linking scheme [12] – relies on totally-ordered durMarkers.
Hence it is not compatible with FUR.

To achieve a similar scalability to SPHT while supporting

partially-ordered durMarker, FUR organizes every durMarker
in a global durMarker array (implemented as a circular ar-

ray). The size of the array determines how many update

transactions can be durable in the durMarker array before

having their writes replayed on the persistent heap.

FUR uses logical timestamps as durTS, which serve as in-

dexes to the durMarker array. As soon as a transaction, 𝑇 ,

acquires its unique durTS,𝑇 becomes the owner of the corre-

sponding entry in a global durMarker array. Each durMarker
entry in the array includes: the start address of 𝑇 ’s redo log,

the number of entries, as well as 𝑇 ’s durTS.
The durMarker global array fulfills our scalability require-

ment, since the LR thread can just traverse the durMarker
array and sequentially replay the redo log pointed to by each

durMarker entry that it reads. After a batch of entries is

replayed, the tail of the circular array is advanced, which

effectively frees such entries to new transactions.

The choice of logical timestamps is fundamental to enable

the solution described so far. To ensure that the durTS ob-

tained by a transaction is consistent with the isolation order

determined by the HTM, the durTS needs to be acquired

before the transaction HTM-commits. The straightforward

solution of reading and incrementing the global clock us-

ing transactional loads and stores is well-known to harm

scalability under contention [12, 47].

To avoid this shortcoming, FUR takes advantage of the sus-
pended window of its isolation wait. Concretely, the logical

timestamp is acquired via an atomic increment instruction

executed from such window (ln.31). Since the atomic in-

crement is not tracked by the HTM, it does not introduce

transactional conflicts. Moreover, similarly to opportunistic

redo log flushing (§3.2.2), the latency of the atomic instruc-

tion is normally hidden as it is overlapped with the (typically

longer) isolation wait.

A transaction that has acquired a durTS and then aborts

will produce a hole in the logical timestamp sequence. Flush-

ing an abort marker in the abort handler of such transactions

to the corresponding entry in the global durMarker array
(ln.53) fixes the hole. A system crash can also create holes

in the durMarker array. To illustrate this, let us recall the

example in Figure 5, where transactions𝑊2 to𝑊4 run con-

currently and commit in HTM. Transaction𝑊3 took longer
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than𝑊2 and𝑊4 to flush its durMarker (this is possible due
to FUR’s partially-ordered durMarkers). Assume that a crash

happens just before𝑊3 persists its durMarker. Hence, upon
recovery, the array will hold a durMarker in the entries cor-

responding to the durTS of𝑊2 and𝑊4, and a hole between

them. A crash-induced hole can be detected since it either

has a null entry or an entry with an expired durTS (i.e., from
a previous epoch of the circular array). Let us designate these

as unmarked holes.

When the LR detects a hole, it jumps to the next valid

entry. It is easy to show that there cannot be more than

𝑛 − 1 (crash-induced) unmarked holes before the last valid

durMarker in the array. Therefore, as soon as the LR has

found 𝑛 unmarked holes, it is guaranteed that there are no

more valid entries to replay and the LR can stop.

4 Evaluation
Our evaluation aims at answering the following questions:

1. In RO workloads of different read footprints, what ad-
vantage do FUR’s unlimited reads provide? (§4.2)

2. In update-only workloads, given the isolation wait
penalty and the new optimizations to the durability
phase of FUR, what is the net performance outcome of
both factors? (§4.3)

3. In mixed workloads (combining RO and update transac-
tions) do the main observations taken from the previous
scenarios still hold? (§4.4)

4. What is the performance of FUR’s LR? (§4.5)

4.1 Experimental settings
System. We used a dual-socket IBM POWER9 machine

equipped with DD2.3 CPUs at 2.3-3.8GHz and 1TB DRAM.

Each CPU has 16 cores with simultaneous multi-threading

(SMT). POWER9’s HTM relies on a transaction tracking

structure that is distributed across the L1 and L2 caches,

whose architectural details can be obtained in [34]. In this

architecture, HTM can only be used from a virtual machine

(VM) [49], so we set up a QEMU/KVM VM with 64 virtual

cores (mapped to the 32 physical cores, eachwith 2 SMT hard-

ware threads) and 8GB DRAM. The suspend (and resume)

access tracking instructions trigger a trap to activate KVM

hypervisor, which implements (in software) the logic associ-

ated with these instructions [41]. This incurs a considerable

penalty on such instructions. Executing both instructions in

sequence takes from 350ns on a single thread, to 1500ns on

64 threads.

Since PM is not yet available for IBM POWER systems,

we emulate the write latency of an Optane-like PM device

connected via CXL each time a cache flush is requested.

Using access latency figures from the literature [51, 64], we

inject a spin loop of 310 ns on each cache line flush. This

approach is analogous to previous works in the literature

(e.g., [13, 47]), whenever PM is not available.

Table 1. Read and write footprints per transaction type

Benchmark Transaction type Read footprint Write footprint

TPC-C

stocklevel Very high (avg 122K) none

orderstatus Moderate (avg 650) none

delivery Very high (avg 86K) Moderate (avg 30)

payment Low (avg 97) Low (avg 5)

neworder High (avg 7.5K) Moderate (avg 141)

Red-black

tree

lookup Low (avg 28) none

insert/remove Low (avg 44) Low (avg 6)

Evaluated solutions. We used a full implementation of

both variants of FUR (FUR-opa and FUR-SI). They are im-

plemented in C as a library that can be linked to any C/C++

application. Instrumentation of reads and writes is manual in

our prototype but could be automated by compiler support.

The source code of our FUR implementation is publicly

available at https://github.com/inesc-id/FUR.
We compare FUR against three systems that, to our knowl-

edge, are the most competitive proposals for persistent mem-

ory transactions, touching diverse points in the design space:

• SPHT [12], a durably opaque PHT;

• Pisces [32], a read-optimized PSTM, with durable SI

semantics;

• SpecPMT’s speculative logging [66] coupled with

TinySTM [25], which together form a durably opaque

PSTM. (By design, SpecPMT only ensures durability

and requires an additional concurrency control mecha-

nism to provide isolation [66].) For simplicity, we refer

to this combined solution as SpecPMT.

We used the full-fledged SPHT variant, with forward log

linking enabled [12]. We also considered pure HTM (with

SGL fallback), as a reference of the raw throughput of HTM.

For fairness, we implemented all systems in a common

framework. The log replayer is disabled during transaction

processing for all solutions that support asynchronous log

replay (FUR and SPHT), which is coherent with previous

papers in this category [12, 13]. Every solution based on

HTM falls back to SGL after 10 retries. The results are an

average of 3 runs, each taking 5 seconds.

Workloads. As benchmarks, we use a full implementation

of the TPC-C OLTP benchmark [1]. It uses a B-tree imple-

mentation that is exempt from SI’s consistency anomalies

(e.g., write skews [16, 24]).

We also study a red-black tree implementing an IntSet, a
widely used benchmark in TM literature [50]. The tree is

initialized with 10K elements.

As Table 1 shows, the transaction types of both bench-

marks cover a diverse read and write footprints mix.

We exclude STAMP [54], another established TM bench-

mark, from our evaluation, since its applications do not have

transactions that are known to be read-only at begin time,

and the percentage of effectively read-only transactions is

relatively low.
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stocklevel orderstatus

Figure 6. Throughput and transaction outcomes with RO

TPC-C workloads

4.2 Processing RO workloads
Figure 6 presents the throughput and transaction outcomes

when exclusively running stocklevel and orderstatus trans-
actions. In both, the performance of FUR stand out when

compared to their persistent competitors.

Since stocklevel transactions have large read footprints,

they always capacity-abort when executed inside full HTM

hardware transactions. This holds for SPHT as well as HTM.

In contrast, the PSTM systems scale up to 64 threads, even

though SpecPMT experiences very marginal gains with

higher thread counts. In FUR, this is an expected conse-

quence of the fact that RO transactions run without HTM.

As in most STM implementations, Pisces and SpecPMT

impose no limits on the read (or write) footprints. While

FUR does not add any instrumentation to read accesses,

Pisces/SpecPMT instrument each read to a shared location

in PM with a software routine that checks the lock table

to determine the latest version to read from. This explains

the 18% and 84% performance gap between FUR and, resp.,

Pisces and SpecPMT in stocklevel at 64 threads.
In the orderstatus workload, the read footprints fit a full

per-core transactional cache. Therefore, as long each thread

runs in its own core (up to 32 threads), capacity aborts are

negligible, thus the unlimited reads feature of FUR has no

benefit when compared to SPHT/HTM. Yet, we can still ob-

serve a performance advantage of 30% due to the fact that

SPHT/HTM need to issue htmBegin/htmCommit to activate

the HTM support. Beyond 32 cores, SMT co-locates pairs of

threads on a single core, hence the per-thread transactional

caches no longer suffice for most transactions and we see

the same trends of the stocklevel workload.

4.3 Processing update-only workloads
Figure 7 presents the results for the update-only payment
and delivery workloads. In contrast to the previous section,

we now include a third graph (bottom of Figure 7), which

reports the overhead that committed transactions incur (on

average) on the different steps that occur beyond the plain ex-

ecution (i.e., the interval between the invocations to BeginTx
and CommitTx), relatively to time spent executing the latter.

For instance, an overhead of 200% for a given step means

committed transactions spend 2×more time performing that

step than their plain execution.

The payment workload has a small footprint and negli-

gible capacity aborts. It is a worst-case scenario for FUR,

since its unlimited reads feature brings no benefit, whereas

the costs of its isolation wait stand out. Not surprisingly,

SpecPMT outperforms the best FUR variant by 1.31x (at peak

throughput). This can be explained by SpecPMT’s efficient

logging scheme (tailored to update transactions) and the

scalability of the underlying TinySTM scheme (which scales

relatively well under update-dominated workloads [25]).

It is interesting to notice that FUR-opa and FUR-SI out-

perform SPHT by 15% and 13% on average, respectively. The

bottom plot in Figure 7 shows that, in SPHT, the overhead of

the durability steps increases steeply after 8 threads, grow-

ing up to ≈150× the plain execution time at 64 threads. The

durability wait is its major contributor.

In contrast, FUR’s main source of overhead is the isola-

tion wait, whereas the durability overheads are substantially

reduced (up to 5× lower than SPHT’s at 64 threads). This

reduction stems from the two optimizations in FUR’s dura-

bility phase. First, opportunistic redo log flushing reduces the

critical-path waiting time to negligible (at 8 threads, which is

peak throughput: 1% redo log flush overhead in FUR vs. 55%

in SPHT). Second, the partially-ordered durMarkers are dra-

matically faster than SPHT’s totally-ordered durability wait

(at peak throughput, durability wait overheads of 60%-76%

in FUR and 174% in SPHT). Overall, the savings attained by

FUR’s durability optimizations prevail over the performance

penalty of the isolation wait.

When comparing the two FUR variants, it is perhaps sur-

prising that FUR-opa achieves a higher throughput than

FUR-SI, despite having higher abort rates. Analyzing abort

codes and time spent on rolled-back transactions (available

in our extended technical report [4]) shows that FUR-opa, by

detecting conflicts earlier, spends considerably less time on

rolled-back transactions. These savings outweigh the costs

associated with increases in SGL acquisitions, suggesting

that FUR-opa may be more competitive in high-contention

workloads with small transactions.

Regarding Pisces, its reader-optimized design is not able

to cope with update-dominated workloads, which explains

why it is the worst-performing persistent alternative.

The next workload, delivery, is extremely prone to capacity

aborts on HTM (moderately high write footprints and very

high read footprints). In fact, with 1 thread, all solutions that

run update transactions in full HTM (FUR-Opa, SPHT, HTM)

exhibit a severe capacity abort rate (81%). At higher thread
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payment delivery

Figure 7. Throughput, transaction outcomes and overhead

breakdown with update-only TPC-C workloads

counts, the scenario is worsened since contention induces

transactional conflicts.

In contrast, since FUR-SI provides update transactions

with unlimited reads, it exhibits substantially lower capacity

abort rates (it still aborts nearly half of transactions due to

write capacity). Therefore, FUR-SI attains dramatic through-

put gains when compared to the HTM-based alternatives.

Such gains even conceal the costs of FUR-SI’s isolation wait.

Pisces and SpecPMT are the only solutions with both un-

limited reads and writes. This allows them to outperform

the solutions based on full HTM up to 12 threads. However,

the costly access instrumentation of these PSTM approaches

make them loose to FUR-SI by a substantial margin.

We omit the results for the neworder workload, as it would
reveal similar observations to the ones drawn for payment.
We consider neworder next, when we study mixed workloads.

4.4 Processing mixed workloads
Figure 8 presents our results with mixed workloads. We start

by considering a read-dominated workload in Figure 8, in

which 85% of transactions are RO (uniformly selected among

stocklevel or orderstatus), and the remaining ones are from

update types (delivery, payment or neworder). For the first
time, we have RO transactions that, in their durability wait,

actually need to wait for update transactions. RO transac-

tions in SPHT spend a substantial portion of time in the

durability wait (up to ≈10× the latency of the plain execu-

tion) until concurrent update transactions become durable

(or abort). In contrast, the pruned RO durability wait of FUR
is practically cost-less. A typical call to the corresponding

Read-dominated

Standard

update-dominated mix

Figure 8. Throughput, transaction outcomes and overhead

breakdown with mixed TPC-C workloads

routine finds the state array cached in L1 and does not find

any transaction to wait for.

A collateral effect can be seen in the isolation wait latency

of FUR. Since the minority of update transactions now have

to wait for a majority of RO transactions, the relative cost

of the isolation wait grows so much that it overcomes the

durability overheads of SPHT. Even though the durability

optimizations of FUR reduce the durability overheads to

marginal levels, the net balance is that update transactions

in FUR incur a higher overhead than in SPHT. Still, from

the perspective of global throughput, this shortcoming is a

means to achieve a greater good.

Pisces keeps up with FUR’s pace up to 8 threads and

achieves throughput that is competitive with SPHT, before

contention effects start manifesting more eminently on up-

date transactions, hindering the overall scalability. As for

SpecPMT, it is able to scale better than Pisces (up to 28

threads) or even than FUR-opa, which shows that the un-

derlying TinySTM concurrency control scheme is better at

taming higher contention levels. Yet, SpecPMT/TinySTM

cannot scale beyond 28 threads, whereas FUR can.

Finally, we look at the opposite extreme, an update-

dominated mixed workload where 85% transactions are ei-

ther payment or neworder, and the remaining 15% are from

11



Figure 9. Red-black tree throughput with 1%, 10% and 50%

update transactions (resp. left, middle and right plot)

the other transaction types. This is the standard mix men-

tioned in the TPC-C specifications [1]. This workload is not

favorable to FUR, not just because RO transactions only rep-

resent 10%, but also since the transactions prone to capacity

aborts only account to 15%. Still, FUR-SI manages to be the

most competitive solution. Relatively to SPHT, Pisces and

SpecPMT, this advantage is explained by the same factors

that we have observed with payment (§4.3), which also affect

neworder – i.e., the two dominant transactions. Furthermore,

FUR’s RO durability wait yields similar savings as in the

read-dominated mix. Comparing FUR-SI with FUR-opa, the

less frequent capacity aborts in FUR-SI (which grants unlim-

ited reads to both kinds of transactions) is the decisive factor

behind its throughput advantage over FUR-opa.

These results enable us to breakdown the performance

impact of the novel techniques that FUR employs (Section

3.2). In the read-dominated workload, the pruned durability
wait, being the only optimization benefiting RO transactions,

has a dominating impact. In update-dominated workload,

both opportunistic log flushing and partially-ordered dura-
bility markers are highly effective optimizations; yet, the

latter achieves the highest absolute reductions. This can be

confirmed by comparing the redo log flushing and durability

wait overheads of FUR-* to SPHT, in Figure 8.

Finally, we consider the red-black tree benchmark. Figure

9 presents results for mixed workloads where 1%, 10% and

50% (resp.) of transactions are insertions or removals, while

the remaining operations are lookups (RO transactions). The

relatively small tree height implies that capacity aborts are

negligible, therefore the unlimited reads benefit of FUR is

not evaluated here. Overall, both FUR variants achieve com-

parable peak throughput values in the three workloads, and

are considerably more competitive than all persistent base-

lines. The instrumentation overhead of the STM solutions

is evident, especially at low thread counts. At higher thread

counts, Pisces’ reader-optimized design scales better than

SpecPMT in the read-dominated scenarios, but not in the

50% update case. SPHT performs akin of STM solutions due

to the overhead of the durability wait.

Figure 10. Log replay throughput of PHT alternatives

4.5 Log replay
We now compare the performance of the Log Replayer (LR)

of FUR with SPHT and the LR of prior PHTs (cc-HTM [30],

DudeTM [47], NV-HTM [13]). We use the same methodology

as in SPHT’s paper [12]. First, we run a synthetic application

with 100% update transactions to prefill the per-thread logs.

Transactions issue between 1 and 20 writes (the number of

writes and their accessed locations are chosen uniformly at

random), the log size and heap size is 128MB, and we vary

the number of working threads.

Next, we halt the application and run the LR to fully re-

play the logs and measure the replay throughput. For space

limitations, we only study the case where the LR runs in a

single thread, and we disable filtering of duplicated writes

[13]. Using multi-threaded LR and duplicate filtering tech-

niques is compatible with FUR’s LR, and does not change

the main conclusions that we draw next.

Figure 10 presents the throughput of the different replay

schemes. The LR of prior PHTs struggles with an increasingly

larger amount of working threads. This is caused by the need

to scan, after replaying one transaction, every per-thread

log to find the next transaction to replay. In contrast, SPHT

and FUR prevent the scanning bottleneck, albeit by different

means. In SPHT, this is accomplished with its log linking
technique [12]; in FUR, via our novel LR scheme based on

the global durMarker array. As shown in Figure 10, both LR

schemes perform comparably and, most importantly, remain

efficient even at high (worker) threads counts.

5 Discussion

Limitations. Similarly to any prior work based on off-the-

shelf HTM, FUR does not circumvent the limited write ca-

pacity of HTM, so it is not suited to large write footprints. In

opacity mode (FUR-opa), unlimited reads are only provided

to those transactions that the program explicitly flags as RO

when invoking beginTx, which can be an issue with legacy

programs. In contrast, FUR-SI transparently grants unlimited

reads to any kind of transaction.

On the power of suspending access tracking in HTM.
12



Supporting suspend/resume access tracking in HTM is well-

known to incur higher complexity and cost in the design

of the cache coherence protocol of a processor [18]. From

a hardware-software co-design perspective, the hardware

manufacturers will consider high-cost features only if they

observe a clear demand by software developers. However,

among academic research, we are only aware of a handful

of works that exploit advanced suspend/resume features of

HTM. To our knowledge, among software practitioners, the

adoption of such advanced features is also negligible. We

believe that our results contribute to a better awareness of

the potential of suspend/resume among the research com-

munity and the microprocessor manufacturers. Our results

also provide evidence that kernel-assisted suspend/resume

implementations, while reducing hardware complexity, can

still enable important gains, even in workloads that make

intense use of such instructions.

Another dimension is how suspend/resume support can

be implemented. Encapsulating the entire suspend/resume

logic at the hardware level (e.g., IBM POWER8 [35] or In-

tel TSX [2]) reduces suspend/resume overheads at the cost

of hardware complexity. An alternative to hardware-only

implementations is to have the HTM issue a trap that acti-

vates the operating system kernel to assist in the suspend/re-

sume handling. Our results, obtained in a system based on

such alternative, provide evidence that kernel-assisted sus-

pend/resume can still be a competitive sweet spot in the

hardware-software co-design space.

Adapting our techniques to Intel TSX. FUR’s design is

incompatible with the latest generations of Intel TSX, which

only enable suspending load tracking, but not any-access
tracking. More precisely, the optimizations that we propose

for the durability phase of update transactions (see §3.2)

intrinsically depend on any-access tracking suspension.

However, the modules of FUR that benefit RO transactions

(with unlimited reads and the pruned durability wait) can

be adapted to an HTM that only supports load tracking

suspension, as Intel TSX. To accomplish this, we can adapt

the isolation wait to only scan (and spin on) the state of RO

transactions. Consequently, update transactions no longer

need to externalize their state transitions from within the

suspend-resumewindow; therefore, only load tracking needs

to be suspended in that window. Update transactions still

need to advertise that they are entering a non-durable state,

but this can be done just after access tracking is resumed (i.e.,

just before the HTM commit). This solution would retain

the two major benefits that FUR provides to RO transactions.

Understanding the design and performance trade-offs of this

approach in a real Intel TSX system is left for future work.

Beyond the ADR persistence domain. In theory, there are
stronger persistence domains than the one that we consider

in this paper. A notable example is eADR [68], in which the

CPU caches are also part of the persistence domain. Like

a large body of literature on PM computing [8], our work

targets systems where eADR is not available.

On the persist latency of future CXL-based PM. The
emulated persist latency in our experiments (extra 310 ns) is

likely to under-estimate the latency of some future PM-based

CXL devices. In fact, recent empirical results [46] show that,

although the latency of today’s real CXL volatile memory

expansion varies considerably, some devices can easily ex-

ceed our emulated latency. When one considers the future

PM-equipped CXL devices, latency is naturally higher than

the volatile alternatives. For instance, persistent CXL devices

based on NAND flash (also known as memory-semantic de-

vices [57]) have estimated persist latencies of 600 ns [45].

Since a crucial benefit of FUR is its ability to hide the indi-

rect impact of persist latency on RO transactions (namely,

by FUR’s pruned RO durability wait), higher emulated laten-

cies represent more favorable environments for FUR. The

exploration of other latencies is left for future work.

6 Concluding remarks
We proposed FUR, a new design that eliminates two funda-

mental bottlenecks of durable RO transactions on HTM. At

its core, FUR exploits instructions that some contemporary

HTMs provide to suspend (and resume) transactional access

tracking. Our experimental results show that FUR can out-

perform state of the art alternatives in both PHT and PSTM,

by up to 6.17× in read-dominated workloads.
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