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Abstract—Conflict resolution remains a central challenge in
best-effort Hardware Transactional Memory (HTM). Commer-
cial implementations favor requester-wins for its simplicity but
suffer from excessive squashed work due to transaction aborts
and cannot guarantee progress under contention. Requester-
stalls alternatives avoid many of these aborts, yet existing
designs face a fundamental burden: cyclic dependencies between
stalled transactions. In state-of-the-art requester-stalls policies,
conservative cycle detection frequently leads to futile stalls.

This work presents HighwayTM, a requester-stalls conflict
resolution policy that can guarantee progress under contention
whilst avoiding cyclic dependencies and futile stalls. Our key
insight is that combining a lightweight dynamic priority (which
we call a lane) with the static, yet simple and already available
CorelD yields both cycle freedom and dependency awareness at
negligible hardware cost. Lanes are assigned at conflict time and
elevate transactions already part of a dependency chain over
newcomers, effectively addressing the inherent problems from
dynamically established dependencies. The entire mechanism fits
in a 7-bit register per core with no centralized clock or global
state. Evaluated in gemS5 full-system simulation with a variety of
benchmarks on a 16-core system, HighwayTM can reduce execu-
tion time by 22% and 15% over commercial-like requester-wins
and state-of-the-art requester-stalls policies, respectively, while
halving futile stalled cycles and reducing stalled transactions to
under a third, with consistent results on additional concurrent
data structures and in-memory applications.

Index Terms—Multicore; Shared Memory Systems; Parallel &
distributed Architectures

I. INTRODUCTION

Hardware Transactional Memory (HTM) was proposed over
thirty years ago [1], [2]. It offered a simpler alternative to
locks for programmers, attracting interest from academia and
industry. Consequently, vendors like Intel [3], IBM [4], and
Arm [5] started to support HTM. However, despite being
available for years, it has not been universally adopted and
is not yet a standard feature in most processors. Among
the main reasons are some security concerns that led to
companies like Intel to disable it in microcode [6], imple-
mentation challenges to ensure forward progress [5], [7]-[9],
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Fig. 1: Committed and aborted stalled cycles. In vacation-1 no
stalls are produced during the execution.

and the low performance and parallelism exploitation typically
reached by existing commercial HTM implementations [10]—
[12]. However, companies like Intel are picking up again with
HTM given the inclusion of TSX extensions in their new
products [13] and new transactional instructions [14] that are
safe and mitigate Transactional Asynchronous Aborts (TAA)
security holes [15].

The remaining concerns have been studied over the years,
with proposals covering version management [16]-[21], con-
flict detection [22]-[24], contention mitigation [25]-[28], and
conflict resolution [29]-[34]. Commercial implementations
have converged on lazy version management and eager con-
flict detection (LE) [4], [35]-[37]. Contention mitigation is
typically handled in software or via hardware-software co-
design, leaving conflict resolution as the main focus for future
hardware advancements [8], [26], [27], [30].

The commercial setting is conservative in this aspect, prior-
itizing implementation and validation simplicity over perfor-
mance and parallelism exploitation with the use of requester-
wins (RW) policies [3], [36], [37]. Although this is the
simplest policy, it is far from optimal, as it suffers from the
friendly-fire pathology [29], where transactions that are able
to retry their execution on abort can lead to livelocks [7], [8],
[30].

A different studied approach is to stall the requester until
the transaction that detected the conflict releases the address
from its read or write set, i.e., until it commits. To stall



a transaction, the owner of the conflicting address sends a
negative acknowledgment (NACK) to the requester, which will
then retry the access [16], [17], [38]. This policy is known
as requester-stalls (RS), even though a conflict can also be
resolved by aborting a transaction in some cases. However,
cyclic dependencies arise, for example, when a transaction
needs to wait for another transaction to release a resource,
while the second transaction itself is waiting for the first
transaction to release the same resource. To break such a
situation, one of the transactions must abort [16], [29], [39].

It is not a trivial task to detect these cyclic dependen-
cies [16], [17], [39] and finding the optimal transaction to abort
in order to break the cycle is a current topic of study [31],
[32], [34], [39]. State-of-the-art policies rely on heuristics
to detect cycles. The most common heuristic is to assign
every transaction a timestamp (TS) when it starts to execute.
This is the case of LogTM [16], [17] with conservative
cycle detection. Fig. 1 shows the execution time of stalled
transactions, separating transactions that were committed or
aborted. TS-RS suffers from a high number of cycles spent
in futile stalls, where a stalled transaction ends up aborting,
wasting both the work performed and the time spent waiting
(orange bar).

A much simpler approach not yet explored by previous
proposals is to use a static identifier for every core, such as the
CorelD (CID), to establish a total order between transactions.
If a transaction receives a conflicting request from another
transaction with higher priority (higher CorelD), the lower
priority transaction will simply abort, while if the requester
transaction has lower priority, the receiver will send a NACK
and stall the requester. Although simple, this CID-RS policy
leads to problematic situations of load imbalance [29], [40]
and futile stalls, as can also be observed in Fig. 1.

Other more advanced schemes use dynamic priorities to
establish a partial order between transactions based on the
dependencies they produce with each other, detected at conflict
time [31]. A partial order ensures that if a transaction A
depends on another transaction B, then B will have higher
priority than A, a property that is transitive for all de-
pendent transactions [41]. This is the approach followed in
CHATS [31], which assigns a Position in Chain (PiC) to trans-
actions at conflict time, creating a partial order that reflects
the true dependencies between transactions. This approach can
avoid aborting transactions that are not part of a cycle inside
the dependency graphs they form, but it does not guarantee
forward progress by itself. Thus, it cannot totally avoid cyclic
situations and requires a fallback mechanism. PiC-RS suffers
from the same futile stalls issue (see Fig. 1).

This work proposes HighwayTM, a novel conflict resolution
policy for requester-stalls that effectively exploits the virtues
of dynamic partial orders based on detected dependencies
with an abstraction that we coin as lane while ensuring a
total order between transactions. Unlike previous approaches,
HighwayTM prioritizes transactions that are already part of a
dependency graph. This allows transactions with established
dependencies to survive to conflicts with those that have not

detected any previous dependency. HighwayTM ensures a
total order using the CoreID when the lane priority is equal.
Because our proposal respects total order, convergence to a
hierarchical, totally ordered dependency graph is guaranteed,
ensuring forward progress in case of contention. HighwayTM
achieves these results with minimal hardware modifications,
using only a small 7-bit register to store the transaction’s lane,
which is the only additional information required to be stored.

Simulation results using gem5 show that HighwayTM re-

duces average execution time by 22% compared to com-
mercial-like HTM settings and 15% compared to state-of-the-
art requester-stalls policies. This is achieved by reducing futile
stalled cycles to 50%, aborted transactions by 6%, and the time
spent in aborted transactions by 25%, compared to previous
requester-stalls policies.

The contributions of this work are the following:

e A detailed analysis of different proposed flavors of the
requester-stalls policy with simple heuristics for conflict
resolution.

e HighwayTM a cycle-free requester-stalls policy that guar-
antees forward progress in case of contention.

e A mathematical proof of how HighwayTM policy al-
ways causes dependency graphs to converge into directed
acyclic graphs.

e An analysis of how HighwayTM compares to the other
proposed policies.

II. BACKGROUND AND MOTIVATION

Commercial HTM implementations from Intel [3], IBM [4],
and Arm [5] are commonly stated to have adopted the
requester-wins conflict resolution policy [12], [37]: a trans-
action aborts on receiving an invalidation for a line in its read
or write set. It simplifies hardware, as most HTM builds on
coherence protocols [3], [8], [37], [42], [43], but suffers well-
documented pathologies [29]: Friendly Fire (mutual circular
aborts) and livelock under contention [10], [12], [42]. Since
neither hardware limits nor conflict-induced livelocks can be
eliminated, these systems are best-effort and must fall back to
a non-speculative path such as a single global lock [7], [44]:
a critical bottleneck that serializes all transactions and can be
triggered by one transaction failing to commit after repeated
retries [7], [8], [30].

A. Requester-stalls policies

Rather than mitigating the effects of aborts, requester-stalls
policies avoid them by issuing a negative acknowledgement
(NACK), a message already available in state-of-the-art co-
herence mechanisms [45], to stall the requester rather than
abort it [16], [29], [46]. On a conflicting request for a line in
its read or write set, a transaction NACKSs the requester, which
unblocks the directory entry as for a standard data response
without switching the line sharers, then retries after some
optional backoff [8], [16], [30], [32], [38]. Stalling preserves
speculative state [36], [42] but risks deadlock: if 77 holds A
while requesting B and 75 holds B while requesting A, a cycle
happens and both stall indefinitely (Fig. 2a) [29], [38].
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Fig. 2: Pathologies of requester-stalls conflict resolution

1) Cycle detection: Detecting such cycles is non-trivial:
transactions usually lack information on the remote transac-
tional state, and sharing it would add hardware complexity
(tracking which transactions stall on every address), communi-
cation cost (broadcasts scale poorly), and a possible centralized
bottleneck [34], [39].

LogTM [16], the canonical requester-stalls design, uses
conservative cycle detection. Each transaction acquires a
timestamp at its start from a shared, centralized, atomically
accessed clock, unique per cycle since equal ages would be
indistinguishable. On conflict it always NACKSs but compares
timestamps, setting a potential_cycle flag when the requester
is older; a transaction that later receives a NACK from an
older transaction with this flag set assumes it is in a cycle
and aborts [16], [17]. Aborting whenever a cycle is possible
enforces a total order (older transactions always progress over
younger), but yields many false positives that abort transac-
tions not actually in a cycle (Fig. 2c), the Futile Stalls [29]
pathology: a transaction stalls for another to release an address
yet aborts on a conflict with a third, wasting both the wait and
the work. Moreover, shared atomic clocks are a bottleneck,
scale poorly with core count, and are hard to implement,
and carrying a timestamp on every coherence message costs
bandwidth and latency [31], [39].

2) Cycle avoidance: Alternatively, cycles can be prevented
altogether, an approach not explored in prior requester-stalls
work to our knowledge. We identify the corelD [40], a unique
per-core identifier already carried by the coherence protocol, as
the best candidate for a total order without extra communica-
tion. Our implementation of conservative cycle detection with
the corelD is simple: on a conflicting request, the transaction
aborts if the requester has higher priority (lower CorelD), and
otherwise NACKs to stall it.

This is simple yet effective: it reuses a statically assigned

total order already present in the system as strapped signals
and guarantees progress of at least one transaction under
contention. Being static, however, causes load imbalance, since
a single high-priority transaction can monopolize progress and
serialize the rest. This approach is also subject to the Futile
Stalls pathology, as a transaction can stall waiting for another
transaction, but end up aborting because of a conflict with a
third transaction, wasting time and work, depicted in Fig. 2d.

Dependency-aware mechanisms go beyond mere stalling
by explicitly tracking and managing dependencies between
transactions [31], [32], [34], [39], [47]. CHATS [31], the
current state of the art in dependency-aware conflict resolution,
introduces a chaining mechanism in which each transaction
receives a dynamically assigned Position in Chain (PiC)
upon conflict. PiC orders commits among transactions sharing
speculative data, enabling some concurrent progress despite
dependencies and preventing unnecessary aborts. Although
initially proposed for a request-speculates policy, this priority
order can be also implemented in a requester-stalls policy,
where instead of forwarding a value, a NACK is sent to stall
the remote transaction.

Such schemes come with little cost in hardware, but in
exchange they lose the notion of total order. This is translated
into two key limitations. First, the policy is susceptible to
priority inversion (analogous to classic priority inversion in
real-time systems [48]). Suppose that a lower-priority trans-
action A aborts due to a conflict with higher-priority one B.
Upon retry, A may conflict with a different transaction and
acquire a priority higher than B’s, thus inverting the priority
(A— B becomes B— A) [41], [49]. This oscillation can repeat
indefinitely, preventing either transaction from committing as
can be observed in Fig. 2b. Second, dynamically assigned
priorities suffer from a stale information problem [31]. When
multiple transactions issue concurrent requests to the same



TABLE I: Requester-stalls conflict resolution policies

Poli Prlzwrdéss Cycle Futile Load

oley IS FreedomStalls Imbalance
(Contention)

Conserv. Cycle Det. % .

(TS-RS) [16] Yes Yes High No

Static Priorities . .

(CID-RS) Yes Yes High High

Dynamic Priorities

(PiC-RS) [31] No No Med No

HighwayTM Yes Yes Low Low

*Forward progress in case of contention is guaranteed under the assumption
of unique and strictly increasing timestamps.

address, their messages serialize at the last-level cache. A
requester updates its local PiC upon resolution, but its earlier
in-flight messages still carry the old priority, causing other
transactions to resolve conflicts using outdated data.

This situation can be detected when a transaction receives
unexpected values from transactions it has already stalled.
However, without precise information, an arbitrary decision
could be made to abort the requester. Hence, the mechanism
is prone to inconsistent decisions, where a transaction that
aborted a remote one aborts then for the same reason, even
for the same memory address. Due to the lack of total order,
no core has sufficient information to determine a precedence
order among inconsistent priorities [41], [49].

B. Challenges in requester-stalls policies

Requester-stalls policies ultimately face the challenge of
ensuring both cycle freedom and forward progress while
avoiding futile stalls and load imbalance as much as possible.
As discussed in this section, there is not an optimal solution
to this problem, as the approaches that guarantee forward
progress and cycle freedom suffer the most from futile stalls,
while the ones that try to mitigate futile stalls and load
imbalance the most are the ones that cannot guarantee forward
progress.

The main objective of this work is to explore a new point in
the design space of requester-stalls policies that effectively ex-
ploits the virtues of partial orders based on true dependencies
while ensuring a total order between transactions. In Table I
we summarize the properties of the different policies we have
discussed and what can be expected from our proposal. We
observe that HighwayTM is capable of guaranteeing forward
progress and cycle freedom leveraging some properties of
static priority mechanisms while mitigating the load imbalance
issue inherent from that kind of mechanism.

ITII. HIGHWAYTM

In this section, we present HighwayTM, a cycle-free
requester-stalls conflict resolution policy that effectively ex-
ploits the virtues of partial orders based on true dependencies
while ensuring a total order between transactions. Our policy is
specifically designed to only use information that is available
at conflict time, without relying on any global or centralized

component, thus avoiding the overhead and bottlenecks associ-
ated with such approaches. HighwayTM is based on a dynamic
priority abstraction that we coin as lane, which dynamically
prioritize transactions that are already part of a dependency
graph, while ensuring a total order using the CoreID when the
priority is equal. This design effectively mitigates the futile-
stalls pathology common in requester-stalls policies while
guaranteeing forward progress and cycle freedom.

A. Lane-Based Priority Management

The core mechanism of HighwayTM is a dynamic priority
abstraction we term as lane, named for its ability to organize
transaction flows similar to a highway. Each transaction main-
tains a lane register L, which acts as the primary conflict reso-
lution metric. Lanes are dynamically assigned at conflict time,
reflecting the evolving dependency graph among transactions.
A transaction with a higher lane value is considered to have
higher priority and in case of a conflict, it must be resolved
in its favor. We propagate lane values via NACK and request
messages, so that the transaction that detects the conflict has
the necessary information to resolve it.

Fig. 3 illustrates an operational example of the lane-based
priority mechanism. C'X refers to a core that executes a
transaction whose corelD is X. The figure is split into three
different groups of rows: no lane, stalled lines, and staller lines,
which will be explained later in this section. Higher lanes mean
higher priority, while lower coreID means higher priority. The
line for lanes is wider to clarify that lane-based priority is the
one that prevails, and corelD is used as a fallback if the lane
mechanism does not specify a clear winner.

All transactions begin execution with an invalid lane value
(using a one-bit flag) (L = NoLane), be it a transaction that
fresh-started or a retrying one. In this initial state, conflicts
are resolved using a static base total ordering. It is important
to note that it is desirable to use a static total order as we
do not store any memento of the previous transactional state
(i.e., we never know if a transaction is retrying or the priority
it had in such a case). In case a non-static order was to be
used, this resolution mechanism could become inconsistent
(e.g., if timestamps were to be used, a clock may reset after
some time, leading to inconsistencies at the total order). To
avoid such complexities and inconsistencies, we derive this
priority from the physical CorelD, a unique identifier assigned
to each core in the system and used to identify a node in
the intercommunication mechanism. If two transactions that
both lack assigned lanes conflict, the transaction that detects
the conflict will compare its CoreID with the requester’s. If
the remote transaction has a higher priority (lower CorelD),
the local transaction will abort as shown at time O in Fig.
3 between Core 0 (requester) and Core 1. Otherwise, it will
proceed to assign itself to the initial lane (L;,;¢) and send a
NACK to the requester with that value as observed in time 1
with core 0 and core 2 (requester).

In HighwayTM, each time the requester receives the NACK,
it will check the value of the lane sent, set its own lane value
to the received value minus one (L;¢mote — 1) and stall. This
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Fig. 3: Operational examples of the lane-based priority management mechanism proposed in HighwayTM

is shown at time 2 in Fig. 3, where after CO sent a NACK
with value L;,;; (lane 0), C2 sets its lane to the received
minus one (L;,;+ — 1 or lane -1). At this point, those two
transactions are considered part of a dependency graph, i.e.,
they are stalled or have stalled another transaction. In any case,
both become privileged over other transactions that are not part
of any dependency graph. This is reflected by having a valid
value in their lane register. With this priority elevation, we
intend to avoid the head of the dependency graph (staller) to
be aborted by a transaction that is not part of the dependency
graph. On top of that, we also try to keep the stalled transaction
alive to avoid wasting the stalled time and the work performed.

In those terms, we can consider two kinds of transaction
once they enter the dependency graph: the staller, which is the
transaction that detects the conflict and sends the NACK, and
thus it had more priority than the requester; and the stalled,
which is the transaction that receives the NACK and stalls,
and thus it had less priority than the staller. It is important
to keep the stalled transactions alive, but we consider more
critical to keep the staller alive, since it is the one that is
actually making progress and had a higher priority since the
beginning. Hence, we prioritize an initial staller over any other
transaction that enters the dependency graph as stalled. To do
so, we split the dependency graph that can be formed in two
parts: those transactions that stall a remote transaction have
a priority equal or higher than the initial (L > L;,;:), those
belong to a subset we called Staller Lanes (as are the ones
that always enter the graph stalling other transactions). We call
transactions that enter the dependency graph by being stalled
as Stalled Lanes, those have a priority lower than the initial
lane (L < L;nit). Then, we apply different rules for each of
those two groups:

Staller lanes always succeed in case of conflict with a stalled
lane. This means that if a transaction belonging to a staller
lane requests an address to another stalled lane, the latter will
abort. On the other side, if the requester is the transaction

that belongs to a stalled lane, then the higher priority one
sends a NACK and stalls the requester if it was not stalled
before. Then, every priority tier has its own rules. Both have
two invariants, if a conflict is detected with a transaction that
belongs to the same line, the corelD is used to solve the tie (the
transaction with lower coreID wins) and if the requester is of
higher priority, the requested transaction will abort as shown at
time 5 with CO requesting an address held by C5 and aborting
it. The main difference happens when the requester is of lower
priority but same lane. Staller lanes are not constrained by
the hard limit imposed by the initial priority assignation, that
means, they can climb to higher lanes as needed. That will be
required when a NACK is sent to a less-priority requester from
the same lane (given by the corelD). The requested transaction
will then proceed to switch to its lane plus one (L = L + 1)
before sending a NACK as shown in Fig. 3 at times 3 and 4
between core 0 and 3. This condition is a good option only
for the staller lanes as only “original” stallers will reach this
level, and in that case, the lanes will have to face the corelD
limitation to grow higher, converging to a statically assigned
hierarchy as will be explained later.

In case of a conflicting request with a transaction that
belongs to a lower lane, the lanes will remain untouched as
shown at time 3 and 4 with cores 3 and 4, where C3 does
not switch its lane after sending a NACK to C4. Stalled lanes
on the other side never move from their assigned lanes. They
cannot switch to higher lanes to avoid priority escalation, as
we do not want any “originally stalled” transaction to grow
over an “originally staller”. This behavior is shown at time 4
where C2 and C4 conflict, as C4 has less priority than C2, C2
sends a NACK back, but it does not change its lane.

Another case to consider is conflicts with transactions that
do not belong to any lane. In any case, if the requester has
already a lane and the requested transaction does not, then the
requested one just aborts. However, if the requested transaction
is in a staller lane, the transaction will enter the lane L;,,;; — 1,



since it cannot have a higher priority, because that would make
that transaction at the same level as the original stallers. That
situation is shown in Fig. 3 at times 4 and 5, where CO sends
a NACK as a response to Cl1 and stalls it, causing it to enter
lane -1 (L = L;p; — 1). Transactions that belong to stalled
lanes behave differently here too, if they send a NACK as a
result of conflict to a transaction that has no lane, then, the
transaction enters the graph with the nacker’s lane minus one
(L = Lyemote — 1), which reflects the dependency between the
two transactions. This situation is shown in Fig. 3 at times 3
and 4 where transaction C5 asks C2 for a data and C2 answers
back with a NACK situating C5 at the preceding lane -2.

B. Cycle freedom

The mechanism explained above guarantees that High-
wayTM never produces a circular chain of stalled transactions.
We prove this by modeling dependencies as a directed graph
and showing that following any chain of stalls always leads
to strictly higher priorities, which makes cycles impossible.

We represent the set of active transactions as nodes in a
directed wait-for graph G [50], [51]. Whenever a transaction
T} sends a request that gets NACKed by T, T; must wait for
T; to commit and hence release the conflicting address before
it can proceed. We draw a directed edge from T} to T; to
represent this “waits-for” relationship. A cycle in this graph,
ie., T, waits for T}, T waits for T, and T, waits for T,
would mean that every transaction in the loop is blocked, and
none can ever make progress, signifying the occurrence of a
deadlock.

To show that no such cycle can happen, we assign each
transaction a rank p(7T;) = (L;, —c¢;), where L; is the lane
value (—oo if unassigned) and c¢; is the CorelD. We compare
ranks lexicographically: the first component (lane) dominates,
and the second component (negated CorelD) breaks ties so
that a lower CorelD, which HighwayTM treats as higher static
priority, maps to a higher rank. The negation is simply a nota-
tional convenience: since CorelD 0 beats CoreIlD 5, writing
—0 > —5 lets us use the standard “greater means higher
priority” convention for both components simultaneously.

The key observation is that every wait-for edge points from
a lower-ranked transaction to a higher-ranked one. We verify
this across all conflict resolution cases:

Case 1 (L; = L; = No Lane; ¢; < c¢;): After resolution,
T; sets L; < Ly and T receives L; < Ly — 1. Since
Linit > Linic — 1, we have p(T;) > p(Tj).

Case 2 (1; belongs to staller lanes vs. unassigned T}): Tj
enters at Ly — 1, while 7} holds L; > Liy. The lane gap
ensures p(1;) > p(T}).

Case 3 (7; belongs to stalled lanes vs. unassigned T%): T}
takes L; — 1, one level below T}, so p(T;) > p(T;).

Case 4 (L; = Lj > Li; ¢; < ¢j): T; increments to L; + 1,
opening a gap above T};’s unchanged lane.

Case 5 (L; = L;j < L ¢ < c¢;): Both transactions
are stalled and share the same lane. The CorelD tiebreak
determines the winner, but neither transaction changes its lane—

the loser aborts and leaves the graph. No wait-for edge is
created, so no invariant needs to hold.

Case 6 (L;, L; # No Lane; L; > L;): The higher lane wins
directly; no updates needed.

Two properties ensure the invariant holds over time, not just at
edge-creation time. Stalled transactions (L < L) freeze their
lane and cannot climb closer to the transaction they wait on.
Stallers (L > Liyi) can only increase their lane, which widens
the gap with anyone below. Aborted transactions reset to L =
NoLane and leave the graph entirely: they stop waiting and
release anyone waiting on them.

A subtlety arises with retrying transactions. When a trans-
action T aborts, it drops all its edges and re-enters the system
with L = No Lane. Even if T;, subsequently climbs the lane
hierarchy through new conflicts, potentially surpassing the lane
of the transaction T, that originally aborted it, no cycle can
form. The old edge between T, and 7, was destroyed at
abort time, and any new edge between them reflects their
current ranks, which satisfy the invariant. In other words,
the wait-for graph only tracks live dependencies between
active transactions, since it does not keep any record of past
relationships that were severed by aborts.

Now suppose, for contradiction, that a cycle T;, — T;, —

- — T;, — T;, exists. Each edge requires the target to
outrank the source, so following the cycle yields p(T;,) <
p(Ti,) < - < p(Ti,) < p(T3,). This implies p(T3,) <
p(T;,), which is impossible since no value is strictly less than
itself. The wait-for graph is therefore acyclic at all times.

The direct consequence is guaranteed forward progress on
contention: because the graph has no cycles, at least one
transaction sits at the top of every chain (it waits on nobody).
That transaction holds the highest rank among any other
conflicting transaction, so no incoming conflict can force it
to abort or stall. It runs to completion, and once it commits,
the transactions waiting on it resume. In this way, contention
is guaranteed to be eventually resolved.

It is important to note that although we guarantee forward
progress, we do not guarantee that work will be perfectly
balanced between cores. A transaction with a low CorelD
could be outranked by others with higher CoreIDs in cases
of high contention. However, HighwayTM’s design tries to
mitigate this risk by elevating transactions into lanes once a
dependency is detected. In the evaluation we will show that
we effectively mitigate the imbalance inherent to the static
priorities we used leaving this as a corner case more than a
common occurrence.

C. Implementation

The implementation of HighwayTM requires minimal hard-
ware modifications. Each transaction needs to maintain a lane
register, which can be implemented as a small 7-bit register (1
bit for validity and 6 bits for lane value) added to the existing
transactional metadata. The number of lanes bounded to the
width of the register being used for its local tracking. If a
transaction receives a NACK with a lane value that underflows
the counter, then, the transaction will directly abort, as else it



TABLE II: System parameters

CPU Settings

Cores 16, out-of-order

Core width Fetch: 6, Decode: 6, Rename: 6, Issue: 12,
Commit: 8

Structure size ROB: 512, LQ: 192, SQ: 114, IQ: 140

Branch predictor (BP) L-TAGE [58]

Memory Settings

L1 D cache Private, 48KiB, 12-way, 1-cycle hit latency
L1 T cache Private, 32KiB, 8-way, 1-cycle hit latency
L2 cache Private, 1.25MiB, unified, 10-way, 4-cycle
minimum roundtrip
L3 cache Shared, 32MiB, unified, 16-way 30-cycle
minimum roundtrip
Memory 8GiB DDR4-2400
Protocol MESI, directory-based
Network Settings
Topology Crossbar

Flit size / Message size
Link latency / bandwidth

16 bytes / 5 flits (data), 1 flit (control)
1 cycle / 1 flit per cycle

could break the ordering constrain of the global coreID. An
overflow from the upper side can only happen if a transaction
won a conflict over other using the global ordering mechanism.
In that case, the transaction is not aborted and keeps its maxed
out lane value, which has already provided an ordering con-
strain regarding the aggressor using the coreID, which is static.
Our system needs support for negative acknowledgments on
the coherence mechanism, something already present in state-
of-the-art coherence protocols like AMBA CHI [45]. We need
to extend NACK, GetX and GetS messages to carry the lane
information (7 bits), which must be forwarded to the L1 cache
controller that will detect the conflict and apply the conflict
resolution policy. The rest of the system remains unchanged, as
all the necessary information for conflict resolution is already
present in the system (CoreID and NACKSs). The lane values
are only used for conflict resolution and do not need to be
stored in the cache lines or sent with every coherence message.

IV. METHODOLOGY
A. Simulation environment

We conduct our evaluation using the gem5 simulator [52]
operating in full-system mode. The guest operating system is
an unmodified Ubuntu Linux 16.04 distribution running kernel
4.8.13. We model a 16-core x86-64 processor featuring out-
of-order execution and a three-level cache hierarchy. Table II
summarizes the system parameters, which have been tuned
to approximate the characteristics of an Intel Golden Cove
microarchitecture [53]-[55]. To ensure high-fidelity model-
ing for the on-chip communication, we integrate HeteroGa-
rnet [56] for the interconnection network. Our transactional
runtime implements fallback synchronization via eager lock
subscription, following Intel RTM guidelines [7], [44], and
implements software pre-faulting [57] to prevent page faults
from triggering spurious aborts.

B. Policies evaluated

In our study, we perform several evaluations comparing
HighwayTM with different conflict resolution policies. All
configurations are modeled as best-effort systems that resort

to a fallback path that consist on a global lock [7] after a fixed
number of retries, ensuring forward progress. To achieve a fair
comparison between policies, we use the best configuration
in terms of number of retries for every system (note since
progress is guaranteed in case of contention, HighwayTM is
unbounded, which coincide to be the better configuration).
These are the configurations that have been modeled for our
study:

Baseline. We utilize a best-effort, requester-wins, HTM
model based on Intel Restricted Transactional Memory (RTM),
with lazy versioning and eager conflict detection. Speculative
state is buffered within the L1 data cache using a speculatively
modified (SM) bit for each cache line to identify write-set
members. Before a block enters the speculative state, its
clean version is evicted to the L2 cache, which serves as
the preservation level for non-speculative data. Transactional
rollback is achieved through gang-invalidating SM-marked
lines in the L1, with the coherence protocol supporting silent
invalidation of exclusively owned data. Finally, allowing read-
sets that exceed private cache capacity, mirroring real-world
RTM behavior [3], [11], we employ a perfect signature [24],
[59]"' for read-set tracking. The rest of the systems evaluated
are built on top of this baseline, modifying only the conflict
resolution policy and number of retries before fallback.

Static Core ID-based Requester Stalls (CID-RS). This
policy assigns a static priority based on the unique CorelD
embedded in coherence messages (lower ID denotes higher
priority). Conflicts are resolved by strictly favoring higher
priority transactions: the lower priority requester will stall,
while higher priority requests force lower priority nodes to
abort. In order to cause a stall, a NACK is sent to the
lower priority requester. This strict static ordering inherently
precludes any dependency cycle and deadlock.

Timestamp-based Requester-Stalls (TS-RS). This config-
uration employs a timestamp-based conflict resolution policy
akin to that used in LogTM [16] but using lazy version
management, leveraging the cache for versioning in the same
way as the baseline. For this model, we assume a globally syn-
chronized, atomically accessed clock to dispense timestamps,
implicitly disregarding hardware complexities of distributed
timekeeping and counter overflow. Conflicts are resolved by
stalling the requester; the holder sends a negative acknowl-
edgement (NACK) forcing the requester to retry the access
until successful. To detect and resolve deadlocks without a
full resource dependence graph, we employ a heuristic based
on these timestamps. Each transaction keeps a potential_cycle
flag. When a transaction sends a NACK to an older transaction
(one with a smaller timestamp), it sets this flag, indicating that
it has impeded a higher priority transaction. Subsequently, if
this transaction receives a NACK from an older transaction
while the potential_cycle flag is active, it aborts. This logic
safely breaks potential dependencies: a transaction effectively

'We intentionally decided to use a perfect signature so the comparison
between the different conflict resolutions was not biased by any other factor,
like capacity aborts.



“steps aside” if it is both blocking an older transaction and
being blocked by one.

Position in Chain (PiC-RS). This system applies the
priority scheme of CHATS [31] to a requester-stalls policy,
replacing early value forwarding with priority-based requester-
stalls behavior. It utilizes a local PiC register to dynamically
assign priorities upon conflict detection. When a conflict oc-
curs, the transaction with the higher PiC wins: if the requester
wins the conflict, the requested aborts; on the opposite side,
it issues a NACK, stalling the requester. Priority assignment
follows specific rules related to chain formation: Initially, all
transactions are Not Connected (NC). When a transaction is
requested, if it is NC, it sets its PiC to init (or Remote + 1
if the requester has a higher priority) and sends a NACK.
Conversely, a remote transaction receiving a NACK updates
its PiC to Received_PiC — 1 if it lacks any priority, thereby
placing itself logically behind the provider in the dependency
chain.

C. Benchmarks

We evaluate the proposed designs using the STAMP bench-
mark suite [60] configured with medium inputs. Experiments
run with 16 threads, aligning with the core count of our
simulated system. We exclude bayes from the set due to
the non-deterministic nature of its search algorithm [61],
which introduces significant variability in committed instruc-
tion counts. Similarly, labyrinth is omitted as it effectively se-
rializes execution in the absence of read set early-release [62]
techniques. We further extend the evaluation with two addi-
tional sets of benchmarks. CDSB (concurrent data-structure
benchmarks) [63], [64] comprises six transactional data struc-
tures (a binary search tree, deque, hash map, queue, sorted list,
and stack) where each transaction performs a single operation
on the shared structure.

The second set, which we group under the name TBench,
consists of four transactional workloads that we implemented
ourselves for this study. These are not a pre-existing suite
but microbenchmarks we built specifically to place a con-
trolled, tunable form of contention on the conflict-resolution
mechanism, complementing the application-level behavior of
STAMP and the single-operation accesses of CDSB. Ta-
ble III summarizes the configuration of each workload for the
medium input used in the evaluation.

Bank is a classic account-transfer stress test: each transac-
tion reads and debits one source account and credits several
destination accounts in a single fan-out transfer, so its write set
spans several balances at once. A global money-conservation
invariant, namely that the sum of all balances stays constant,
forces the whole transfer to be atomic. The account array is
small and the participating accounts are chosen at random, so a
few hot balances are written by many concurrent transactions;
the fan-out widens each write set and, with it, the conflict
footprint, yielding frequent short write-write conflicts. The
number of accounts and the fan-out degree are tunable, which
lets us dial contention from mild to severe.

TABLE III: Configuration of the TBench workloads (medium
input, 16 threads)

Workload  Configuration

Bank 512 accounts, fan-out 32, 8,192 transactions per
thread, 5 x 107 initial balance

Gceon 4,096 vertices, density 32, 8,192 transactions per
thread

Tpcc 1 warehouse, 75% new-order transactions, 512
customers per district, 1,024 items per warehouse,
64 order lines, 32,384 transactions

Yesb 2,048 records, 32 keys per transaction, 60%

writes, Zipfian § = 0.75, 65,536 transactions

Gcon performs parallel graph contraction: it repeatedly
merges the two endpoints of an edge into a single supernode,
splicing their adjacency lists and rewriting every neighbor to
reference the new supernode, all within a single transaction.
Because each merge changes which vertices are adjacent, and
therefore which later merges collide, successive contractions
build data-dependent chains over the evolving graph. This
irregular, pointer-chasing pattern mirrors the graph-analytics
and machine-learning kernels that are still run predominantly
on CPUs, and its contention is structural, intensifying as the
graph shrinks into fewer, higher-degree supernodes.

Tpcc is an in-memory implementation of the TPC-C [65]
order-entry workload, the canonical OLTP benchmark. Its
dominant new-order transaction reads a warehouse and district,
increments a hot per-district order counter, and inserts an order
together with its line items across the warehouse, district, and
order tables. The per-district counter is a sharp single hotspot
on which every new-order for that district serializes, while
the multi-table insert that follows forms a short cross-table
dependency chain, so a single workload exercises both of
the contention regimes we study. The warehouse and district
counts are tunable, controlling how many transactions collide
on each counter.

Ycsb is a transactional port of the Yahoo! Cloud Serving
Benchmark [66], a standard key-value-store workload. Each
transaction issues a small, configurable mix of read and update
operations over keys drawn from a skewed Zipfian distribution,
so that a few hot keys absorb most of the accesses while the
long tail remains uncontended. Varying the Zipfian skew and
the read-to-update ratio sweeps contention continuously from
near-uniform to a tight hotspot, and lets us probe how each
policy handles read-write versus write-write conflicts.

V. EVALUATION

We divide the evaluation into two sections. We begin with
low- and medium-contention benchmarks before addressing
high-contention scenarios independently. We classify bench-
marks considering the average number of aborts per com-
mitted transaction, which allows us to better understand the
behavior of each policy under different contention levels.
The STAMP, CDSB and TBench benchmarks are discussed
together throughout, grouped by the contention they generate
rather than by suite.



Figure 4 shows the execution time breakdown for all eval-
uated policies, normalized to the RW baseline. Each bar de-
composes execution into non-transactional cycles, committed
transactional cycles, cycles holding or waiting for the fallback
lock, aborted cycles, and stalled cycles, further split into those
belonging to transactions that ultimately committed versus
those that were aborted (i.e., futile stalls).

Figure 5 classifies all executed transactions in different
groups; first, committed transactions; then, aborted transac-
tions by cause: conflict-induced aborts, capacity-related aborts
(abort size), fallback-lock-related aborts (abort FL), and other
abort sources. The secondary axis tracks the average time
a transaction spends for a given configuration in a given
benchmark to abort. This last item is represented with a dot
line plot per benchmark.

Figure 6 isolates cycles spent in stalled transactions, nor-
malized to TS-RS, and distinguishes committed stalled cycles
(productive stalls that led to successful commits) from aborted
stalled cycles (futile stalls that ended in aborts). This figure
measures the efficiency of the stalling mechanism: committed
stalled cycles represent productive waiting, while aborted
stalled cycles represent pure waste, the futile stalls pathology
identified by Bobba et al. [29].

Figures 7, 8, and 9 present heatmaps of aborted transaction
counts per CorelD, with totals annotated above each column.
These figures assess how fairly each policy distributes the cost
of conflict resolution across cores in general, and for intruder
and yada. These two cases are special since are the ones where
HighwayTM shows the most significant improvement over the
rest of policies, thus, these figures help us to comprehend the
reasons.

Finally, Figure 10 reports a strong-scaling study of the
average execution time across the STAMP benchmarks as the
core count grows from 1 to 16, each point normalized to
single-core RW. It assesses how each policy relative behavior
evolves as contention intensifies with parallelism.

A. Low and medium contention benchmarks

Several benchmarks barely exercise the conflict-resolution
mechanism: STAMP’s ssca2 and vacation, together with the
CDSB hash map, whose operations scatter across buckets. All
policies finish within a few percent of RW, confirming that
HighwayTM adds no overhead when contention is absent. The
CDSB bst sits just above this regime: brief contention on a few
hot nodes gives the requester-stalls policies a small (~12%)
edge over RW that only CID-RS forfeits to load imbalance
(Fig. 4).

Between the negligible cases and genuine moderate con-
tention sits kmeans-I: its short transactions update shared
cluster centers frequently enough to generate real conflicts,
yet each is small, so aborts are cheap and every requester-
stalls policy gains only about 6% over RW. HighwayTM is
marginally the slowest here (~4%), as its lane machinery adds
a small overhead that such cheap, frequent conflicts do not

repay.

Under moderate contention, conflicts occur often enough to
matter but are not pervasive: stalling clearly beats aborting and
every requester-stalls policy improves over RW, yet a wrong
decision does not cascade as it does under high contention.
The access pattern still decides how much the policy itself
matters. Genome runs long, read-heavy transactions whose
conflicts are pairwise and one-shot, so no dependency chains
form for the dynamic policies to exploit. TS-RS, PiC-RS, and
HighwayTM therefore cut execution time by about a quarter
and perform near-identically: the gain comes entirely from not
discarding a long, hard-won read set on abort, while the static-
priority policies spend marginally more time stalling as threads
reconverge at the per-round barriers (Figs. 4, 6).

B. High contention benchmarks

Under high contention the conflict-resolution policy be-
comes decisive: a single wrong decision cascades into wasted
stall time, discarded speculative work, or fallback-lock seri-
alization. These workloads fall into two regimes. The first,
single-hotspot serialization, funnels every thread through one
shared location, so conflicts reduce to a single question of
admission order, which a fixed, pre-assigned order settles di-
rectly. The second, long dependency chains, links transactions
into chains along which the transaction that should be priori-
tized shifts as execution proceeds, so no static ordering stays
correct and resolution must instead track the dependencies as
they form. The two regimes reward opposite strategies, and a
policy tuned for one tends to misfire on the other.

The first regime comprises intruder’s packet dequeue, the
CDSB deque, queue, and stack, and the shared accounts of the
bank application. A static, pre-assigned order is ideal here, it
lets one transaction win each contended access and serializes
the rest cleanly, as requester-wins does by aborting but without
discarding work. CID-RS and HighwayTM therefore lead this
regime, cutting execution time by up to 45% over RW, whereas
the dynamic PiC-RS and the timestamp TS-RS end up slower
than RW: PiC-RS oscillates as aborted transactions re-enter
with inverted priorities, and TS-RS turns most of its stalls
futile, spending up to 3.7x RW’s time on stack. HighwayTM
closely tracks CID-RS across these benchmarks, but because
it elevates active stallers into lanes rather than trusting the
CorelD alone, it acquires the fallback lock far less often and
wastes far fewer stalled cycles (Figs. 5, 6).

Intruder is the most demanding of these: under RW it
produces the highest absolute abort count in the suite (Fig. 8),
yet RW is not the worst policy. TS-RS and PiC-RS are,
because their heuristics make transactions stall on the con-
tended red-black tree and then abort anyway, more expensive
than aborting outright. CID-RS is fastest, and HighwayTM
follows closely while never needing the fallback lock that
CID-RS’s load imbalance eventually forces; here the spread of
aborts across cores (Fig. 8) reflects the benchmark’s inherent
serialization rather than imbalance, which both static policies
handle correctly.

The second regime comprises yada’s mesh refinements, the
CDSB sorted-list, gcon’s graph contraction, and the ordered
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or key-skewed accesses of kmeans-h and ycsb. Priorities must
now follow the dependencies that form at conflict time, which
a purely static order cannot capture, CID-RS even falls below
RW on gcon, whose vertex merges continually reshape the
dependency graph. HighwayTM is fastest on yada, sorted-
list, and gcon, and ties the dynamic PiC-RS where access is
merely ordered or skewed (kmeans-h, ycsb): its lanes carry the
same dependency information PiC-RS exploits, but anchored
to a total order, so they never oscillate the way PiC-RS does
on sorted-list. TS-RS instead collapses on the traversal-heavy
sorted-list and gcon, aborting long transactions on the mere
suspicion of a cycle.

Yada is the extreme of this regime: its transactions exceed
10,000 instructions and run fully transactionally [60], so every
abort discards enormous work, under RW it alone aborts
43,060 transactions (Fig. 9). HighwayTM achieves its best
result here, finishing in just 28.9% of RW’s cycles, with
the lowest abort count of any policy (6,931) and a flat
distribution across cores. Lane elevation shields a refinement

that has already made others wait from freshly dequeued,
lane-less transactions; the acyclic guarantee removes the false
cycle-breaking that still costs the otherwise-fair TS-RS many
futile stalls; and the CorelD tiebreaker governs only fresh
transactions, so neither the systematic aborts that cripple CID-
RS nor the priority inversion that drives PiC-RS to the fallback
lock arise. The stalled-cycle breakdown (Fig. 6) confirms that
HighwayTM’s stalls here are overwhelmingly productive.

tpcc combines both regimes in a single workload. Its new-
order transactions serialize on a handful of hot per-district
counters, a pattern that rewards a pre-assigned static order; but
each transaction also threads a short dependency chain across
the warehouse, district, and order tables, a pattern that rewards
dynamic information. HighwayTM is the only policy that
captures both: its static entry serializes the counter hotspots
much as CID-RS does, while its lane elevation additionally
follows the per-order chains, and it almost never falls back to
the global lock, so it is the fastest policy on #pcc. CID-RS,
lacking the dynamic component, trails slightly and is driven
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onto the fallback lock far more often by its load imbalance; the
purely dynamic PiC-RS oscillates on the hot counters and only
matches RW; and TS-RS, whose conservative cycle detection
turns most of its stalls futile, is the slowest by a wide margin.

Fig. 7 explains why the policy with the fewest aborts is
not the fastest. CID-RS reaches the lowest aggregate abort

wayT™M

Fig. 9: Aborted transactions per core for yada

count, but only by imposing a rigid CoreID order whose cost
is a steep load imbalance: per-core aborts climb monotonically
with the core index, from about fifteen thousand on the
highest-priority core to over four hundred thousand on the
lowest, a roughly 27X spread. Those persistently deprioritized
cores are the ones repeatedly driven to the fallback lock
(Fig. 5), whose serialization erases the advantage of the low
abort count. HighwayTM accepts more raw aborts than CID-
RS, yet because lane position rather than the CorelD settles
contended conflicts it never starves a block of cores into the
fallback lock, and its stalls stay the most productive of any
policy, which is why its aborts yield a lower execution time
than CID-RS’s despite their greater number.

Across the full suite, HighwayTM is the only policy that
is never the worst and always lands at or near the best: it
wins outright on the dependency-heavy workloads, matches
the strongest static policy on the serializing ones, and adds no
overhead when contention is absent, always with the lowest
fallback-lock reliance and the fewest futile stalls (Figs. 7, 5).
Anchoring dynamic lane priorities to a static total order thus
unifies the strengths of both policy families. That the CDSB
and TBench workloads, drawn from concurrent data structures
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and modern in-memory applications, reproduce the very con-
tention patterns already present in STAMP also confirms that
STAMP remains representative of these potentially state-of-
the-art workloads.

C. Scalability analysis

Figure 10 reports a strong-scaling study: the average exe-
cution time across the STAMP benchmarks as the core count
grows from 1 to 16, with every point normalized to single-core
RW. At one and two cores the five policies are essentially
identical: contention is so rare that the conflict-resolution
mechanism almost never fires, confirming that none of them,
HighwayTM included, adds overhead in the uncontended case.
They separate only as cores are added and conflicts become
frequent: RW, which discards work on every conflict, falls
progressively behind, trailing HighwayTM by 2% at four
cores, 13% at eight, and 21% at sixteen. HighwayTM is
moreover the fastest policy at both eight and sixteen cores,
so its advantage over requester-wins does not merely persist
but widens with the core count. The fan-out is super-linear:
the policies stay within 3% of one another through four cores,
where conflicts are still rare enough that the resolution choice
is second-order, and they separate sharply only once con-
tention becomes the bottleneck; by sixteen cores HighwayTM
achieves a 1.21x speedup over requester-wins on the fixed
STAMP workload. Since contention grows with parallelism,
this trend indicates that the benefit of HighwayTM will only
become more pronounced on the larger core counts of future
systems.

D. Interconnect cost analysis

A requester-stalls policy trades discarded work for addi-
tional NACK traffic, raising the question of whether it over-
loads the interconnect. Table IV reports, across the full suite,
the NACKs each policy injects together with four network-
contention metrics normalized to RW. The two effects pull
in opposite directions: every stall sends a NACK, but every

TABLE 1IV: Interconnect cost: injected NACK traffic and
network-contention metrics normalized to RW

NACKSs injected Network (norm. RW)

. /run . Link Pkt. Q.
Policy (x106)  TX S et e lac
TS-RS 745 1607 1.808 1.808 0.982 1.074
CID-RS 115 393 1.041 1.041 0954 0.924
PiC-RS 174 570 1284 1.284 0978 1.019
HighwayTM 195 582 1.089 1.089 0.960 0.953

avoided abort removes the re-execution traffic a discarded
transaction would otherwise have generated. TS-RS marks the
pessimistic extreme 160.7 NACKs per committed transaction
and 1.81x the flits and link utilization of RW because its
conservative cycle detection turns many stalls futile and re-
issues them. The remaining requester-stalls policies inject an
order of magnitude fewer NACKs (39-58 per transaction) and
keep flits and link utilization within 4-28% of RW.

HighwayTM injects marginally more NACKs than CID-RS
(58.2 vs. 39.3 per transaction) yet settles at only 1.089x the
flits of RW, since the aborts it avoids (Fig. 5) more than offset
the added stall messages. Packet latency stays at or below the
RW baseline for every requester-stalls policy (0.95-0.98x),
and HighwayTM’s flit-queue latency drops to 0.953x: the
interconnect is not merely absorbing the extra NACKs but
is genuinely less congested, as fewer aborts leave fewer re-
executions competing for link bandwidth.

VI. RELATED WORK

Several requester-wins proposals mitigate livelock and un-
fair aborts without changing the coherence protocol’s con-
flict detection. PowerTM [8] and WoperTM [30] grant a
software-assigned power token to a single transaction; any
conflict involving the token holder is resolved by aborting
the opposing transaction, ensuring forward progress while
preserving parallelism for the rest. PleaseTM [43] embeds plea
bits in the coherence responses of transactions, signaling the
requester that aborting the responder would discard significant
work. LosaTM [67] dynamically adapts the resolution strategy,
switching between aggressive and conservative modes based
on observed contention. DeTraS [42] delays stores to reduce
the vulnerability window of write-set lines. The common
thread across these works is to use a more informed policy to
decide which transaction to preserve. However, they all rely on
heuristics, software hints, or centralized mechanisms to make
that decision.

Requester-stalls policies, discussed in Section II, avoid
aborts by NACKing the requester. LogTM [16] introduced the
paradigm with conservative timestamp-based cycle detection,
and LogTM-SE [17] later decoupled transactional state from
the L1 cache so that transactions could survive evictions,
an orthogonal improvement that benefits any requester-stalls
policy built on top of it. Wait-n-GoTM [38] observes that most
cyclic dependencies originate from a few heavily contended



cache blocks; rather than resolving all conflicts uniformly, it
allows transactions to go past most conflicts but serializes
predicted cycle-inducing accesses, achieving a hybrid between
lazy detection and deadlock-free stalling at the cost of per-core
dependency tracking state and a cycle-predictor. Nagabhiru
and Byrd [40] use the CorelD already present in coherence
messages to establish a total order for very short transactions,
showing that even minimal priority information suffices when
transactions are small enough to absorb load imbalance. These
policies share the core principle of stalling requesters instead
of aborting them, but they differ in how they determine
which transaction to stall and how they manage the resulting
dependencies.

The closest work to our proposal comprises dependency-
aware mechanisms that explicitly manage inter-transaction
ordering to allow conflicting transactions to coexist rather
than aborting one. DATM [34] was the first to observe that
many conflicts are conflict-serializable and do not require an
abort: it builds a dependency graph and forwards speculative
data between ordered transactions. OmniOrder [39] removes
the centralized component by embedding conflict serializa-
tion into the directory protocol itself: coherence messages
carry the history of speculative updates so that receivers can
independently determine ordering constraints. Pant explore
two complementary paths: VPTM [47] predicts the values a
stalled transaction will eventually read, allowing it to continue
speculatively, while LEVC [32] forwards tentative values early
to shorten stall durations. CHATS [31], the current state of the
art in this kind of policies, introduces chained transaction or-
dering through dynamically assigned Position-in-Chain (PiC)
values upon conflict, enabling a partial ordering of dependent
transactions without forwarding speculative data and without a
centralized graph. As we discussed in Section II, the lack of a
total order makes CHAT'S susceptible to priority inversion and
stale-information pathologies that prevent it from guaranteeing
forward progress by itself.

VII. CONCLUSION

We presented HighwayTM, a simple requester-stalls conflict
resolution policy for hardware transactional memory. High-
wayTM reconciles the benefits of dependency-aware prioriti-
zation with the guarantees of a total order between transac-
tions. Our key insight is that transactions already involved
in a dependency chain have accumulated speculative work
worth preserving. HighwayTM realizes this principle through
a lane abstraction that dynamically elevates transactions upon
conflict, while restricting others to enter in the mechanism,
and falling back to a static CorelD-based ordering when no
dependency information exists. We formally proved that the re-
sulting wait-for graph is acyclic at all times, which guarantees
forward progress under contention. In addition, this technique
should also be considered for other general parallel pro-
gramming techniques that rely on wait-based synchronization
mechanisms. Our evaluation shows that HighwayTM reduces
average execution time by approximately 15% over state-of-
the-art requester-stalls policies. The gains are most pronounced

under high contention, where HighwayTM reduces execution
time by up to roughly 70% over requester-wins while almost
never resorting to the fallback lock. HighwayTM cuts futile
stalled cycles and reduces the average time spent in aborted
transactions by roughly 20% on average, confirming that lane
elevation steers the stalling mechanism toward productive
waits. Importantly, under low contention HighwayTM intro-
duces no measurable overhead, and its entire hardware cost
amounts to a single 7-bit register per core and 7 additional
bits on three coherence message types.
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APPENDIX
A. Abstract

The artifact provides the complete evaluation workflow
for HighwayTM: the modified gem5 full-system simulator,
DRAMsim3 and HeteroGarnet memory models, benchmarks
and experiment definitions, Docker/Slurm automation, frozen
paper data, and RINGS analysis scripts [68]. Reviewers can
quickly regenerate every simulation-derived paper figure from
the frozen data and reproduce the full study. Each figure script
also accepts newly generated raw stats.txt trees.

B. Artifact check-list
leftmargin=1.35em,itemsep=0pt,parsep=0pt,topsep=2pt

e Program: gem5, STAMP and concurrent data-structure
benchmarks, RINGS5 figure scripts.

o Compilation: C/C++ (SCons/Make) inside Docker;
Python analysis environment installed by Make.

e Model: Full-system x86-64; 1-16 out-of-order cores,
three-level cache, directory MESI, crossbar network,
DDR4-2400.

o Data: Raw gem5 statistics and bundled frozen per-
seed/reduced CSVs containing the paper results.

o Environment: 64-bit Linux (Ubuntu 24.04), GCC 9.2.0,
Python >3.12, Docker Engine >27.1.1 and Compose
>2.29.1; KVM recommended.

o Hardware: At least one host CPU and 3.5GiB RAM
per parallel simulation node; 6.7 GiB for the extracted
artifact.

« Execution: Make, Docker Compose, and Slurm; experi-
ment matrices with seeds 0-3.

o Metrics: Execution cycles, transactional regions, com-
mits and abort causes, stalled/futile cycles, per-core
aborts, and network traffic.

o Output: Figures (PNG/PDF/PGF).

o Experiments: main (280 runs), scalability (800 runs), or
frozen-data regeneration.

o Time: Frozen-data setup and plotting: typically under 15
min; build/checkpoints: around 1 hour; complete simula-
tion: several days, depending on host capacity.

« Availability: Zenodo: https://doi.org/10.5281/zenodo.2
2303584.

o Licenses: RING5: GPLv3; bundled third-party software
and benchmarks retain their respective licenses.

o Archived: Permanent
10.5281/zenodo.22303584.

1) How to access: To download the artifact, fetch it from
https://doi.org/10.5281/zenodo.22303584. It is a multipart
zip file with a SHA-256 checksum that can be used to verify
the integrity of the downloaded file. To verify the integrity
of the parts and reconstruct the archive execute the following
commands:

DOLI:

sha256sum —--check SHA256SUMS

cat MICRO26-HighwayTM-Artifact.zip.part?? \
> MICRO26-HighwayTM-Artifact.zip

sha256sum MICRO26-HighwayTM-Artifact.zip

unzip MICRO26-HighwayTM-Artifact.zip

The fast frozen-data evaluation needs only compatible
Python and a LaTeX engine if PGF output is desired. Full
simulation needs a Linux Docker host; access to /dev/kvm
substantially reduces boot and fast-forward time. Atomic CPU
mode is supplied for hosts without KVM as fallback, but is
much slower. No download is required in addition to the repos-
itory fetch. Dependencies and tools used for experimentation
are included and bundled in the artifact files.

The top-level README.md is a command-by-command
manual in Markdown format, in addition to this appendix. That
manual includes troubleshooting hints that were not included
here. In this annex we focus on the experiment reproduction
and how to extract and validate the simulation results.

2) Data sets and models: The main campaign comprises
five conflict-resolution policies, 18 STAMP/CDSB/in-house
TBench benchmarks, four seeds, and 16 cores (360 runs).
The strong-scaling campaign uses eight STAMP benchmarks,
five policies, 1/2/4/8/16 cores, and four seeds. We decided
to also keep the CSVs to preserve the paper measure-
ments and to offer replication verification; raw executions
write stats.txt below results/highwaytm-main
and results/highwaytm-scalability. The modeled
machine and policy retry limits are defined in gem5/gem5_
path/scripts/MICR02026/config.py. Each system
configuration is reflected in the methodology section of this
work.

C. Installation

For figure reproduction only using the frozen data, run:

make build_ RING-5
./figures/generate-figures --reference

To build the full simulation environment, if your host supports
KVM, run:

make build

make run

docker exec slurmctld \
/gem5/tasks-gem5 create-boot-checkpoints
—-—overwrite

In the opposite case, if your host does not support KVM, run:

make build_atomic

make run

docker exec slurmctld \
/gem5/tasks—gem5 create-boot-checkpoints
——disable-kvm —--overwrite

A successful build command should end with the message
Everything installed and verified from the
offline bundle!

D. Experiment workflow

Once the artifact is built and the boot checkpoints are
created, you can connect to the virtualized Slurm cluster and
enqueue the experiments with these commands:



make connect

cd /gem5/gem5_path/scripts/run-scripts

CAMPAIGN=all ./gem5_gen_scripts.py \
--config-file ../MICR0O2026/config.py —-enqueue

Keep the cluster running until all jobs complete, exit
with exit, and then, execute make plot. This command
should automatically select raw results. To generate the re-
sults from the provided CSVs with the results, run the
following command: ./figures/generate-figures
——reference.

E. Evaluation and expected results

The plot command creates 24 figure files (eight figures in
three formats) and plots/tabled4_network_cost.csv.
Raw-data values may vary slightly with host/tool versions,
but the qualitative ordering and paper conclusions should
remain. Some benchmarks on the MCAS suite may not reach
completion and may abort execution due to an assertion
failure. The occurrence of such failures depends on the host
GCC version. We recommend using GCC 9.2.0, which is the
version used to generate the data, and Ubuntu 24.04.

F. Experiment customization and notes

Individual figure scripts accept ——results PATH for
another compatible result tree and ——reparse to invalidate
their RINGS cache. Do not enqueue the same campaign
twice into one output directory. Partial result trees should be
completed or moved prior to live plotting. PNG and PDF are
always produced; PGF requires a working LaTeX installation.



