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Abstract

Compute Express Link (CXL) offers a practical path to scale
memory capacity and bandwidth available to a single host.
However, CXL memory incurs sub-microsecond latency that
is typically 3x or more compared to local memory, exac-
erbating memory-induced CPU stalls and degrading appli-
cation performance. This paper presents LITESWITCH, a
lightweight hardware-software co-design that opportunisti-
cally harvests otherwise idle cycles caused by CXL memory
accesses. LITESWITCH introduces: (1) a hardware mecha-
nism that precisely identifies a CXL-induced memory stall
and exposes it to software with near-perfect accuracy and min-
imal overhead; (2) an ultra-fast software path that switches
to another ready thread for harvesting in under 20 nanosec-
onds, an order of magnitude faster than conventional context
switches. Together, these mechanisms enable efficient har-
vesting of sub-ps-scale memory stalls (> 200 nanoseconds),
without requiring changes to the application. The evaluation
demonstrates that with a sufficient number of available threads
per core, LITESWITCH recovers up to 80% of the performance
lost due to CXL access latency, enabling the adoption of CXL
memory without prohibitive slowdowns.

1 Introduction

Compute Express Link (CXL) has emerged as a promising
technology to scale memory capacity and bandwidth at the
server/rack levels beyond DDR limitations [48]. CXL is be-
ing evaluated in four concrete use cases: (1) capacity ex-
pansion via tiered or pooled memory, where CXL-attached
DRAMY/SSD extends host DRAM for memory-hungry ser-
vices at lower TCO (total cost of ownership) [6, 10, 25, 33,
44,63,64,66]; (2) utilization improvement by pooling across
servers memory [44] and PCle devices (NICs, SSDs) [67]
over CXL; (3) bandwidth scaling by interleaving host DRAM
and CXL memory to aggregate DDR and PCle channels [30];
and (4) pod-level shared memory for distributed systems to
reduce messaging overhead [31, 52].

However, these benefits come at a performance cost, as
accessing CXL-attached memory incurs much higher latency
compared to local DRAM. Measured CXL memory devices
report load latencies of 214-394 ns (nanoseconds), compared
to 81-117 ns for DRAM [48], while pooled CXL deployments
can reach up to 1 ps (microsecond) depending on topology,
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Figure 1: Illustration of CXL memory latency and the scope of
prior work. CXL expands memory access latency from roughly
200 ns with direct-attach CXL memory to tens of us with flash-
backed CXL memory. Prior work harvests memory-induced CPU
stall cycles near local DRAM latencies and at flash-scale latencies,
leaving a substantial sub-us “middle gap” that LITESWITCH targets.

device type, and multi-tenant interference [10,44,67]. This
higher latency exacerbates memory-induced CPU stalls (i.e.,
backend stalls) that already dominate execution time even on
systems with only local memory. Empirically, many memory-
intensive and cloud-scale workloads spend the majority (20-
80%) of their cycles stalled on memory [21,37,50]. Under
the same synchronous, blocking load/store interface, CXL’s
higher latency therefore prolongs each stall by hundreds of
nanoseconds, amplifying an already significant inefficiency.
This problem can be mitigated if the system could still do
useful work while a thread is blocked waiting for memory
access: a mechanism termed stall cycles harvesting. Simulta-
neous multithreading (SMT) mitigates memory stall cycles
by interleaving two independent hardware threads on a shared
core: when one thread stalls, the other can continue issuing in-
structions. However, SMT’s concurrency is inherently limited:
two hardware threads already saturate most cores’ backends
without incurring excessive intra-core contention [23,42,59].
Under long CXL stalls, both hardware threads can easily
stall simultaneously. Moreover, even when only one thread is
stalling, SMT cannot ‘un-stall’ that thread, thus the core falls
back to lower utilization achievable by a single thread.
Software-based approaches instead ‘un-stall’ a blocked
thread in place when stall happens and invoke a software rou-
tine to run another ready context (termed a scavenger) [50,65].
MSH [50] relies on offline profiling to identify likely stall
sites, while SkyByte [65] targets much higher (tens of ps)
CXL-SSD latencies by using interrupts to preempt the
blocked thread and then leveraging kernel-level scheduling.
However, these designs face three fundamental obstacles
when harvesting sub-us CXL memory stalls (§3). (1) De-
tection. Software lacks advance knowledge (i.e., at compile
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time) of when a CXL stall occurs or how long it will last. Be-
cause CXL latency is highly variable and topology-dependent,
offline profiling is unreliable in dynamic, multi-tenant envi-
ronments. (2) Delivery. Traditional interrupt delivery is a
costly hardware path that must drain the CPU’s speculative
and out-of-order state and establish a precise architectural
state, incurring sub-us overhead that easily consumes the en-
tire harvestable window. (3) Scheduling. Although user-level
scheduling makes choosing the next runnable context cheap,
switching between contexts remains expensive even in opti-
mized runtimes [22, 36], where saving and restoring CPU’s
extended SIMD/FP state (xstate) alone costs tens to hun-
dreads of nanoseconds.

This paper makes four key observations and insights to
guide the design for efficiently harvesting CXL memory stalls:

* Any memory access targeting a CXL memory device can
be meaningfully harvested, given the naturally large gap
between local DRAM and CXL latencies (3x or more).
This uniform treatment simplifies stall detection into two
hardware operations already on the memory request path: a
cache lookup (whether in L1/L2/LLC) and a routing deci-
sion (whether it targets a CXL memory device), achieving
near-perfect accuracy with negligible extra overhead.

* Harvesting should occur within the same address space.
This insight enables the possibility that stalls can be deliv-
ered to software via lightweight branching (i.e., control-flow
jumps) than expensive interrupts.

* Any regular worker thread can act as a scavenger dur-
ing harvesting, rather than dedicating separate best-effort
threads. This enables simplified scavenger selection logic
and avoids paying context switch cost twice per stall.

* Usage of CPU extended state (xstate) is uncommon in
most code, thus saving and restoring xstate can be skipped
safely when it is not actively used in a context.

This paper presents LITESWITCH, a lightweight hardware-
software co-design that opportunistically harvests sub-us CXL
memory stall cycles, without requiring changes to the applica-
tion. On the hardware side, LITESWITCH proposes Location-
Dependent Memory Branching (LDMB, §4.1), a simple and
novel CPU mechanism that detects stall conditions online
and per-access based on existing cache lookup and routing
operations. Then, LDMB un-stalls the CPU hardware thread
and delivers the notification to software via a direct control-
flow jump. LDMB revives the classic architectural idea of
cache-miss-triggered software handling, which was previ-
ously shown to support low-overhead memory-performance
monitoring and software-driven memory optimizations [28].

On the software side, LDMB’s control jump invokes the
Bundled Handoff handler (§4.2), where a small set of user
threads from the same user process (a “bundle”) is multi-
plexed on each hardware thread for fast scavenger selection
and handoff, without interfering with the process’s regular
scheduler. This design is further optimized by xstate-Aware
Context Switch (§4.3) that safely skips unnecessary saving and

restoring of SIMD/FP state (xstate), reducing context switch
overhead to under 20 ns for non-compute-dense applications.
The observations and insights that guided LITESWITCH’s
design are grounded in measurements on a real CXL hardware
tiering system in Intel Flat Memory Mode [6,66]. However,
a physical LDMB prototype is not implemented mainly be-
cause FPGAs cannot accurately model modern CPU’s mem-
ory hierarchy. Instead, LITESWITCH uses emulation (§5.1) to
reproduce realistic CXL memory stall behaviors and provide
a software interface for running unmodified applications.
Together, LITESWITCH is a mechanism that can efficiently
harvest memory stalls longer than 200 ns, making it effec-
tive even on the fastest, locally-attached CXL memory de-
vices (Figure 1). The evaluation (§6) shows that LITESWITCH
reduces performance slowdowns by up to 80% (multiplica-
tively) relative to the setup with 200-ns CXL access latency
across diverse workloads. Crucially, LITESWITCH produces
consistently low slowdowns even under more complex CXL
configurations with higher latency and greater variability,
highlighting its potential to enable practical adoption of CXL
memory. The artifact of LITESWITCH is open-sourced [45].
LITESWITCH makes the following contributions:

* A characterization of unique challenges, observations, and
insights for efficient harvesting of CXL memory stalls.

* A hardware proposal of LDMB for online, per-access stall

detection and branch-based delivery that achieves near-

perfect accuracy with negligible extra overhead.

An ultra-lightweight software handler path that enables in-

stant scavenger selection and minimal context switch over-

head, without interfering with high-level scheduling poli-

cies or compromising correctness.

A prototype emulation that runs unmodified applications

to faithfully evaluate LITESWITCH, with comprehensive

results showing it significantly reduces slowdowns.

2 Background and Motivation

CXL is a high-speed interconnect over the PCle fabric that lets
CPUs, accelerators, and device-attached memory participate
in a unified memory space [17]. This paper focuses on the
key use case of memory expansion via the CXL.mem protocol
(Type-3 devices), which exposes device-attached memory to
the CPU via load/store semantics.

The heterogeneity of CXL. memory. As illustrated in Fig-
ure 1, CXL-attached memory spans a wide latency spectrum
that is largely determined by device type and topology. Its
inherent heterogeneity is shaped by device characteristics,
CXL memory controller complexity, and topology. Recent
measurements on production CXL memory expanders re-
port load-to-use latencies of roughly 214271 ns for locally
attached, ASIC-based devices, only modestly higher than
NUMA DRAM, while a single CXL switch or remote NUMA
hop can push average latency toward 600 ns and beyond in
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multi-hop fabrics [48]. At the other extreme, CXL-attached
flash devices incur tens or hundreds of us when requests miss
DRAM caches and access NAND, though DRAM-cache hits
can be served in sub-ps time [47, 64,65].

To mitigate the monetary cost and latency overheads of

CXL switching, emerging multi-headed CXL devices expose
multiple host links into a single DRAM-backed pool, enabling
rack-scale shared memory without an external CXL switch;
these devices are an appealing solution for multi-host memory
sharing [10,27,31,35,67].
Availability and use cases of CXL memory. CXL mem-
ory is available through a growing hardware ecosystem and
is being explored in several concrete use cases. 25+ ven-
dors ship CXL-capable CPUs, memory, switches, and con-
trollers [15]. Recent systems (e.g. Intel Xeon 6 and AMD
5th Gen EPYC) provide 64 CXL lanes per socket [1, 2], for
an aggregate 200-240 GB/s of bandwidth per direction (each
lane provides 3.12-3.75 GB/s in each direction). In late 2025,
Microsoft Azure launched the industry’s first deployment of
CXL-attached memory (in private preview) on its M-series
VMs that leverages Intel Xeon 6 in Flat Memory Mode to
support multi-terabyte in-memory workloads such as SAP
HANA [33]. PNNL’s Crete project employs a large pool of
CXL-attached coherent memory alongside local DRAM to
enable scientific and Al workloads to operate on datasets
far larger and more shared than is possible on traditional
HPC architectures [55]. At SC’25, XConn demonstrated a
CXL memory pool shared across two NVIDIA H100 servers,
achieving up to 6.5 x higher throughput than RDMA for LLM
inference and drastically reducing time-to-first-token [57].

2.1 CXL Exacerbates Memory Stalls

Memory-induced CPU stalls are already a major inefficiency
on DRAM-only systems. Empirical studies show that many
memory-intensive and cloud-scale workloads spend a large
fraction of their total cycles stalled on memory: 25-31% for in-
memory key-value and analytics workloads such as Masstree
and Sphinx [50], around 50% in warehouse-scale web and
storage services [37], and up to 80% in classic scale-out work-
loads such as OLTP, social networking, and data-serving [21].

CXL’s higher access latency materially worsens this inef-
ficiency. Studies on real CXL tiering and pooling systems
confirm application-visible slowdowns relative to DRAM-
only systems: Memstrata observes performance degradation
of up to 34% even with hardware-managed tiering under mod-
erate interference [66], and Pond reports that 21% of evalu-
ated workloads experience > 25% slowdown on an 8-socket,
multi-tenant CXL fabric [44].

2.2 Stall Harvesting Meets CXL. Memory

With the heterogeneity of CXL memory, the synchronous
load/store interface meets far more variable and longer-latency

access paths, yielding a unique profile: stalls are hundreds of
nanoseconds with much higher latency variability.

On the high-latency end, SkyByte [65] targets stalls in
CXL-SSDs that are tens of pus. When a request misses the
device’s internal DRAM cache and thus falls through NAND,
the device raises an interrupt to ‘un-stall’ the thread; the OS
kernel then schedules and switches context. This path has ps-
scale overhead that is appropriate for misses in CXL-SSDs,
but too costly to pay per event for sub-ps CXL memory stalls.

Offline profiling-based stall site identification can eliminate
this cost altogether, but it assumes predictable stall locations.
While this holds in some systems with only local DRAM [50],
CXL introduces substantially greater variability: a memory
page may reside on a direct-attach device, a multi-headed
device, or behind a switch. Moreover, multi-tenant interfer-
ence, which is common in CXL memory expansion use cases,
further exacerbates unpredictability.

As a result, there is a substantial gap from ~ 200 ns to
~ 1 ps (Figure 1), in which stalls are common and harmful,
yet existing solutions fall short. This gap calls for a harvesting
mechanism that identifies stalls accurately and promptly in
dynamic conditions and is ultra-lightweight in stall delivery
and context switching.

3 Problem Statement and Challenges

The goal of LITESWITCH is to efficiently and transparently
harvest CPU stall cycles on the order of hundreds of nanosec-
onds induced by CXL memory access, without application
changes. LITESWITCH targets a harvestable budget of 200 ns
per stall, representative of CXL access latency for the simple
memory extension use case, while more complex configura-
tions such as pooling typically exhibit even longer stalls.

The general problem of stall harvesting decomposes into
three steps: detection, delivery, and scheduling. Stall detec-
tion refers to the timely and accurate identification of stall
conditions long enough to harvest. Stall delivery then ‘un-
stalls’ the hardware thread and invokes a software handler,
with low overhead. Finally, the stall handler rapidly selects
and switches to a ready scavenger thread. For harvesting to be
worthwhile, the combined overhead of the three steps must
be well below the 200-ns budget.

Detection: CXL memory latency is more unpredictable
and variable than local DRAM. The detection task’s goal
is to decide, early in the memory access path, whether a re-
quest will incur a high latency so that harvesting can begin in
time. As discussed, offline profiling based methods assume
predictable memory behavior. CXL adds layers of variabil-
ity on top of an already opaque memory hierarchy: mem-
ory pages can move transparently between L1/L2/LLC, local
DRAM, direct-attach CXL devices, and locations deeper into
the CXL fabric. For example, in Intel Flat Memory Mode, a
memory load can take anywhere from 1 ns (L1 cache hit)
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to ~ 300 ns (local DRAM miss) [66], and software cannot
know at compile time what latency the load will exhibit.

This motivates a runtime hardware hint that indicates, with
sufficient lead time, that a request is on the high latency path.
For example, a load reaching the memory controller has al-
ready missed the cache and is a candidate for harvesting; more
informative hints (e.g., queueing delay) are available deeper
in the path (e.g., at the device-side CXL controller), but ob-
serving them at that point delays detection and thus reduces
the harvestable window. The design questions are: which hint
yields high accuracy, and where along the access path should
it originate from to balance timeliness and accuracy?

Delivery: the load/store interface lacks a lightweight mech-
anism to ‘un-stall’ a hardware thread. After a stall hint
is raised, the hardware thread must be notified and control
needs to be transferred to a software handler quickly. The
closest mechanism today is hardware interrupt, but it is too
costly for harvesting cycles in a sub-us window. To deliver an
interrupt safely, the CPU must squash speculative and out-of-
order state and establish a precise architectural state before
redirecting control. This path can cost hundreds of ns even
when no privilege transition is needed (e.g., Intel User Inter-
rupts allow direct user-space delivery of interrupts) [8,26]. An
interrupt delivery costs around 600 ns in LITESWITCH’s mea-
surements, far exceeding the harvesting budget. Therefore, a
hardware primitive that delivers a stall notification directly to
a user-space handler, but at a much lower cost, is desired.

Scheduling: full context switching is too heavy for sub-
ps stalls.  After delivery, the software handler must choose
a scavenger thread and switch to it with minimal overhead,
without violating critical scheduling properties (e.g., fairness
and responsiveness) and without application changes. Ex-
isting user-level, pus-scale scheduling designs have signifi-
cantly optimized the logic for selecting the next runnable
thread [22,32,36], but context switches still remain costly [46].
A full context switch saves and restores large architectural
state, including general registers, extended SIMD/FP state,
and ancillary metadata that could read and write KiBs of data,
taking up to ~ 300 ns in LITESWITCH’s experiments. Naively,
through register liveness analysis, CPU state can be saved se-
lectively because only a subset is actually live at any given
context [50], but stalls are inherently arbitrary (i.e., any mem-
ory access could end up stalling). As a result, such analysis
would either require costly online inspection or be infeasible
to perform comprehensively offline. These costs necessitate a
lightweight software handoff mechanism.

4 Design

Three principles guided the design of LITESWITCH: (1) while
hardware changes are deemed necessary, LITESWITCH must
incrementally build on existing hardware capabilities rather
than introducing new ones; that is, the hardware mechanisms

needed to support LITESWITCH should be trivially feasible
on a real ISA platform; (2) unmodified applications should
benefit from LITESWITCH across diverse workloads; and (3)
the end-to-end overhead of detection, delivery, and scheduling
must be as lightweight as possible to maximize harvesting.

Figure 2 demonstrates the overall architectural flow of
LITESWITCH. At a high level:

* LITESWITCH detects stalls online and per-access in hard-
ware to leverage first-hand hint of latency formation and
performs detection as early as possible in the request path.

e LITESWITCH delivers stall notifications via lightweight
control-flow jumps, confining harvesting activities within
the same address space.

* LITESWITCH employs a simplified scavenger selection
logic and performs context switch with the minimal ex-
ecution state necessary for correctness.

For detection, LITESWITCH builds on the observation that
any memory access targeting a CXL memory device can be
meaningfully harvested. This intuition arises from the natu-
rally large latency gap (typically 3x or more) between local
DRAM and CXL memory. While more challenging to harvest,
treating all CXL memory uniformly allows LITESWITCH to
abstract away device and topology variability and simplify
stall detection into two hardware operations already on the
critical path for every memory request, a cache lookup (i.e.,
whether in L1/L2/LLC) and a routing decision (i.e., whether
the target location resides on a CXL device), making detection
trivially feasible. Critically, these operations occur entirely in
the host CPU, avoiding the prohibitive delay of traversing the
CXL fabric. With the two existing operations, LITESWITCH
achieves per-access, online stall detection with near-perfect
accuracy and adds negligible hardware overhead. Also, detec-
tion only applies to memory load, since memory store is ei-
ther absorbed by CPU cache or triggers a read-for-ownership
(RFO) and becomes a load anyways.

For delivery, LITESWITCH makes the design choice that
harvesting should occur within the same address space. In
OS terms, this typically means within the same user process,
where the scavenger workers and the stall handler coexist
with regular application threads. By restricting harvesting
to a single address space, the handler becomes just another
function and thus delivery avoids privilege transitions, CR3
changes, IDT lookup, and stack switching. Moreover, because
harvestable stalls are tied to specific high-latency loads, the
triggering condition is synchronous and precise: the CPU
already knows the exact instruction boundary at which control
must be redirected (similar to synchronous exceptions like
page faults and divide errors) [34]. This further eliminates the
need for establishing a precise state for asynchronous events
like interrupts. Therefore, the hardware can enter the stall
handler via a branch-like redirect that only needs to squash
younger speculation, costing only tens of cycles [14, 18,56].

To realize this, LITESWITCH introduces a new CPU mecha-
nism called Location-Dependent Memory Branching (LDMB,
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Figure 2: Overall system architecture of LITESWITCH. This figure illustrates the key components and workflow during a stall harvesting
event for a multi-threaded program prog. When Thread A executes a load (rip = 0x9204) that @) misses the cache, the memory controller
@ routes it to CXL, triggers a stall, and transfers control to the LITESWITCH handler via @) a jump while the load @) is being processed
asynchronously. The handler performs @ a bitmap lookup (derived from @) offline xstate analysis and @ runtime bitmap mapping) and
determines that the stall occurred in an xstate-free context, allowing it to skip xsave/xrstor during @ the context switch. Thread B then
executes to harvest the otherwise wasted cycles. Bundles are formed (@) and dismantled () dynamically by the application’s regular scheduler.

§4.1), which detects stall conditions in the CPU’s memory
controller based on @) the cache residency and @ a routing
decision, and delivers the notification to the user process by
@ directly branching to LITESWITCH’s software stall handler
within the same address space.

For scheduling, LITESWITCH adopts the design choice
that any regular worker thread can act as a scavenger for
harvesting, rather than dedicating separate best-effort threads.
This leads to a mechanism called Bundled Handoff (§4.2),
which multiplexes a small set of user threads, termed a bundle,
on each CPU hardware thread. A bundle is () formed by the
user process’s regular scheduler (the kernel scheduler or a user-
level one), which applies its normal policies when selecting
threads, except that it groups multiple threads into a bundle
than running a single thread. During the bundle’s lifetime, a
stall notification from LDMB invokes LITESWITCH’s handler,
which switches execution among threads within the bundle.
Critically, bundle formation is dynamic: when the bundle
is de-scheduled (e.g., a thread issued a blocking 1/O), the
bundle () breaks and all threads are returned to the regular
scheduler for the next bundling, which will likely not be the
same formation. Bundled Handoff does not require changes to
the application and operates within the scope and capabilities
of the user process’s regular scheduler than overshadowing it.

Finally, LITESWITCH minimizes context switch overhead
by selectively skipping saving and restoring CPU'’s extended
SIMD/FP state (xstate), a mechanism termed @) xstate-
Aware Context Switch (§4.3). This is based on the observation
that xstate takes up > 80% of total context switch overhead,
but its live usage is sparse in most code paths. For each appli-
cation, LITESWITCH performs @ a one-time offline analysis
to identify functions that do not use xstate at all, @) allowing

stalls triggered within these contexts to be harvested safely
without doing xstate save and restore. This method reduces
an impractical register liveness analysis problem to a static,
binary lookup, avoids most unnecessary xstate save/restore,
and preserves context switch correctness.

4.1 Location-Dependent Memory Branching

LDMB is a simple hardware mechanism that LITESWITCH
uses for online, per-access stall detection with same-address-
space delivery. LDMB builds on the architectural principle
in prior “cache-miss trap” mechanisms, which showed that
miss-triggered, branch-like delivery to software handlers is
feasible in both in-order and out-of-order processors [28].
LITESWITCH does not implement a physical LDMB proto-
type; instead, it emulates the mechanism’s behavioral effect
(§5.1). The scope of this work is not to specify a circuit-level
design, but to demonstrate that such a mechanism, if avail-
able in modern CPUs, enables useful software capabilities.
FPGAs are fundamentally unable to reproduce the timing,
concurrency, and microarchitectural behaviors of the memory
hierarchy in modern server-grade CPUs [13,38,39]. This sub-
section therefore outlines the high-level LDMB design and
argues that it is trivially feasible to implement in real CPUs.
The design is grounded in modern Intel x86_64, but the ideas
should be generally portable to other ISAs.

Detecting CXL memory accesses and branch-based deliv-
ery. When a load misses in the LLC, the uncore memory
subsystem routes the request to either DDR or CXL. In In-
tel Flat Memory Mode, CXL serves as a slower tier behind a
direct-mapped DRAM cache; the memory controller reads the
DRAM line and checks its tag to decide whether the access
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missed DRAM and must be re-issued over CXL. In setups
where CXL devices are directly exposed to the software (e.g.,
software-managed tiering), the high-order bits of the physical
address (PA) determine DDR versus CXL routing [16]. In
both scenarios, cache lookup and routing are already on the
standard path; LDMB simply reuses this logic.

After a CXL memory load is detected and a miss status
holding register (MSHR) entry is allocated for it, the mem-
ory controller raises a short signal back to the core complex,
analogous to existing core-interconnect notifications such as
“data-return.” The signal triggers a brief microcode sequence
that flushes younger micro-ops and transfers control to a pre-
registered handler address, akin to a branch-misprediction
redirect. This redirect is same-privilege by construction: a
user-mode LDMB enters a user-mode handler, while a kernel-
mode LDMB can only enter a kernel-mode handler. Because
signaling occurs after MSHR allocation, the miss has already
been issued and will be serviced asynchronously. Therefore,
LITESWITCH’s handler does not need to explicitly prefetch
or manage completion. Upon resumption, the software simply
retries the load. By then the line will typically hit in cache. If
not, the line buffer coalesces the retry with the outstanding
miss, so the retry only waits for the remaining service time
rather than incurring another full-latency stall.

Considerations for memory-level parallelism (MLP). In
modern out-of-order (OoO) processors, MLP allows multi-
ple outstanding misses to overlap before a data dependency
forces the core to stall. Thus, not every CXL-bound LLC
miss is a harvestable stall event, and LDMB should redirect
only on a true stall. Inspired by prior switch-on-event (SOE)
mechanisms [5, 11,24, 53], a true stall can be defined as a
CXL-bound miss that is blocking in-order retirement: the miss
is unresolved and its corresponding entry is at the head of the
reorder-buffer (ROB). This condition is simple to test because
000 cores already maintain the association between an out-
standing miss and the instruction that produced it. Therefore,
LDMB can follow the principle used in SOE: when the mem-
ory controller signals a CXL-bound miss, LDMB’s microcode
compares that miss’s ROB entry with the ROB head. If the
entry is already at the head and the miss remains unresolved,
LDMB proceeds with the redirect; otherwise, LDMB simply
drops the opportunity and lets OoO execution continue.

This one-shot policy avoids complex tracking, such as
tagging the ROB entry and redirecting later if it eventually
reaches the ROB head. The lost opportunities should be rare.
From the time the load issues, the core continues decoding
and dispatching while the request traverses the TLB and cache
hierarchy, is classified as CXL-bound, and then sends a signal
back to the core. This path is a full DDR access (~100 ns)
in Intel Flat Memory mode, and can be modeled as LLC-hit-
scale (~20ns) in direct-expose CXL configurations. Even at
the shorter 20-ns timescale, prior studies show that modern
000 cores often exhaust their effective instruction window
on real workloads [40,41]. Therefore, by the time the LDMB

signal arrives, the associated CXL-bound miss is likely al-
ready retirement-blocking. The ROB-head test captures these
common cases while keeping LDMB’s hardware contract
deliberately small but effective.

Software interface. LDMB exports a small set of control
registers, collectively called LCR, modeled after conventional
x86 model-specific registers (MSRs). Specifically, LCRc pro-
vides enable bits and optional control knobs (e.g., range masks
for advanced features), while LCRh stores the address of the
LITESWITCH stall handler entry stub that LDMB jumps to.
LCRh is banked by privilege level, analogous to how the x86
TSS stores per-ring stack pointers RSPO-RSP2.

For resumption, LDMB pushes a minimal stall frame onto
the user stack, containing only the instruction pointer and flags
(rip and rflags). The handler later uses a single LRET return
instruction to resume execution, analogous to an interrupt
return (IRET and URET) but without privilege transitions.

Cost estimation. The cost consists of (1) the signaling delay
from the memory controller back to the core complex and
(2) the microcode-driven branch redirection. A conservative
estimate is 10 ns for the signaling [61] and another 10 ns for
the branch flush and redirection [14, 18, 56], totaling roughly
20 ns . This is an order of magnitude lower than a traditional
interrupt and well within the 200 ns budget for harvesting.

4.2 Bundled Handoff

When LDMB delivers a stall notification, LITESWITCH transi-
tions into its software handler to select another ready thread to
execute. Bundled Handoff is the software runtime mechanism
that performs this selection and in-process context switch. Its
design follows one key principle: harvesting should operate
within the scope of normal scheduling. The process’s regular
scheduler retains full control over fairness, core assignment,
etc., while Bundled Handoff merely redistributes execution
opportunities at a much finer granularity.

Any regular worker thread is a scavenger. Instead of
maintaining a separate pool of best-effort, low-priority
threads, LITESWITCH lets any regular worker thread in the
same process act as a scavenger. This design rests on two
observations. First, threads of a process commonly exe-
cute the same hot paths and share frequently accessed data
structures (e.g., task queues, metadata, synchronization vari-
ables) [29,51, 62]. Reusing an existing worker therefore pre-
serves locality: L1/L2 cache state and TLB entries remain
largely valid across handoffs, minimizing cold starts and in-
terference. By contrast, an unrelated best-effort pool perturbs
caches and TLBs, undermining the very cycles being har-
vested. Second, best-effort tasks must explicitly yield back
before the stall resolves to not delay the main tasks, which
doubles the switching cost and consequently, wipes out most
of the potential gain. Moreover, colocating unrelated tasks
with regular worker threads introduces security concerns [50].
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Dynamic bundling. When the process’s regular scheduler
makes a decision, it picks a small bundle of ready threads
(rather than a single one) from the runqueue. If a running
thread triggers a CXL stall and LDMB branches into the han-
dler, the handler selects another thread in the same bundle (in
round-robin) and resumes its saved context. The handoff is
one-way: the new thread runs until it incurs another stall. Bun-
dles are dismantled at normal descheduling events, including
explicit yield, blocking, time-slice expiration, and preemptive
interrupts. When any thread in the bundle triggers one of these
events, the bundle is torn down and all threads are returned
to the regular scheduler. A subsequent scheduling decision
forms a new bundle, which may differ due to fairness and
load-balancing policies. Therefore, bundling is dynamic, not
a static pre-assignment, and bundles contain only runnable
threads, maximizing the utilization of harvestable stalls.
Bundled Handoff yields a two-tier scheduling hierar-
chy. The process’s regular scheduler forms bundles, enforc-
ing fairness, priority, and load balancing. Within a bundle,
LITESWITCH performs handoffs triggered by LDMB at a
finer granularity. Because all threads in a bundle have already
been admitted by the regular scheduler, Bundled Handoff can
bypass policy checks for scavenger selection.
Bundle sizing. A larger bundle exposes more ready threads
for harvesting but increases intra-bundle contention on CPU
resources; a smaller bundle reduces such contention but risks
under-utilization if all threads simultaneously stall. In prac-
tice, bundles of rwo threads are often sufficient: returning to
the original thread requires two handoffs, by which time the
original stall typically resolves; otherwise, the retry simply
waits out the remaining stall time than a full stall.
Implementation scope and application transparency.
Bundled Handoff naturally fits user-level threading mod-
els, where context frames and metadata are accessible with-
out privilege transitions. Language runtimes and user-space
schedulers register a stall handler via a write to LCRh and
use their native threading primitives for intra-bundle handoff.
Kernel models can adopt a hybrid interface such as Linux’s
vDSO: the kernel scheduler manages bundling, while a vDSO-
mapped handler runs in user space, so normal scheduling re-
mains in kernel space and stall harvesting occurs entirely in
user space. Because Bundled Handoff operates within existing
threading abstractions, it preserves application transparency.
Operating regime and workload suitability. Because
LITESWITCH harvests stalls by diverting execution to sib-
ling threads, its primary effect is higher aggregate core uti-
lization rather than shorter request latency. In latency-critical
services whose end-to-end latency is dominated by the slow-
est sub-request (e.g., fan-out queries), in-stall handoff may not
translate to visible benefits. By contrast, throughput-oriented
workloads naturally tolerate short stalls in one thread while
others continue. In these settings, LITESWITCH’s ability to
reclaim tens to hundreds of nanoseconds per stall raises effec-
tive instructions-per-core and, consequently, throughput.

How does Bundled Handoff compare to SMT. At a high
level, both LITESWITCH and simultaneous multithreading
(SMT) aim to improve CPU utilization by interleaving mul-
tiple threads on the same core, but they do so in fundamen-
tally different ways. SMT exposes true hardware concurrency:
multiple threads issue instructions in the same cycle, allow-
ing more of a core’s heterogeneous functional units (issue
queues, ALUs, load/store units, etc.) to be utilized than a
single thread possibly could. This overlap also allows one
thread to make forward progress when its sibling is stalled,
but the stalled thread stays blocked, reducing aggregate uti-
lization. By contrast, LITESWITCH turns a blocking wait into
an asynchronous one by ‘un-stalling’ the hardware thread
with LDMB, exposing more runnable cycles to the software
that SMT would otherwise leave unexploited.

Therefore, the two mechanisms are orthogonal and com-
plementary. when hardware threads are stalled, LITESWITCH
can continue harvesting cycles independently within each
SMT thread context, extending SMT’s ability to achieve
higher aggregate core utilization under long CXL stalls (§6.1).

Cost estimation. The overhead has three parts. First,
bundling happens at regular scheduling granularity and thus
is amortized to negligible cost. Second, per-stall scavenger
selection is lightweight and incurs no lock contention: the bun-
dle metadata is small and strictly per-core and implemented
via thread-local storage, so accesses are likely cache-hit with
no cross-core sharing; empirically, selection takes about 4 ns.

4.3 xstate-Aware Context Switch

Context switch is the last step before a scavenger can begin
harvesting, and it is also the dominant software cost due to
unavoidable memory loads and stores. In this paper, context
switch means saving the outgoing thread’s architectural state
and restoring the incoming’s last saved state. LITESWITCH’s
prototype targets Linux on Intel x86_64, but the ideas apply
to other ISAs with similar extended state handling.

Raw costs of context switch. Since LDMB appears a raw
“interrupt” that can arrive at an arbitrary instruction boundary,
the handler must treat the CPU’s entire architectural state as
volatile and handle save and restore properly.

The complete set of CPU state comprises: (i) general state
with 15 general-purpose registers (GPRs) plus rip, rsp, and
rflags; (ii) extended state (xstate) including floating-point
(FP) and single-instruction multiple-data (SIMD) registers
(x87/SSE/AVX/AVX-512), opmasks, etc. Saving/restoring the
general state is a handful of cache-line stores/loads when laid
out contiguously; in LITESWITCH’s prototype, this path av-
erages about 10 ns in real workloads. By contrast, xstate
spans KiBs of data (up to 32 512-bit zmm registers plus an-
cillary state) and must be saved and restored using xsave
and xrstor, whose latency grows with enabled features. In
LITESWITCH’s prototype, one xsave followed by xrstor
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costs 70-300 ns across workloads, consuming most of a
200 ns harvestable window if paid on every handoff.

Observation: xstate usage is sparse in most code. Em-
pirically, most application code paths do not touch xstate.
Hot xstate usage concentrates in dense numerical kernels
(e.g., linear algebra, ML inference, cryptography) and in a few
library routines (e.g., memcpy) that are easy to identify. By
contrast, control- and memory-centric paths (e.g., servers, it-
erator and graph logic, queue management) often run for long
stretches without using xstate. Figure 12 shows the frac-
tion of execution time spent in xstate-using functions across
workloads: graph workloads are < 5% and most others are
< 55%. This motivates a design that skips xsave and xrstor
when the current execution point is known to be xstate-free.
Design: xstate-aware skipping via function-range meta-
data. LITESWITCH performs a one-time offline binary anal-
ysis to identify functions that contain no xstate-relevant in-
structions. The output, termed xstatedump, records the pre-
cise ranges of such functions that remain xstate-free after
inlining and code generation, using function boundaries from
the ELF symbol table (. symtab).

At process load time, LITESWITCH ingests xstatedump,
maps these ranges to the process’s runtime addresses (via
/proc/self/mappings), and builds a global, read-only code
bitmap indexed at a fine granularity (e.g., 64-byte blocks).
On each stall delivery, the handler uses the saved rip from
the LDMB stall frame to index the bitmap, which translates
to one shift and one lock-free, likely cache-resident load. If
the current block is marked xstate-free, the handler skips
the unnecessary xsave and xrstor and switches only the
general state; otherwise it falls back to the full path, or simply
gives up on this harvestable window if the workload’s xstate
overhead generally exceeds the window, which can be easily
analyzed offline as well.

However, this design assumes statically compiled, symbol-
rich binaries (e.g., C/C++, Rust, Go, Swift). Stripped binaries
or JIT-managed runtimes (e.g., Python, Java) may not expose
reliable function boundaries; supporting them require addi-
tional mechanisms and is left for future work.

Why function boundaries suffice for correctness. Under
the Linux ABI [49], all xstate registers are caller-saved. A
caller that needs xstate across a call must save and restore it
explicitly; a callee may freely clobber volatile xstate. Con-
sequently, xstate usage is strictly confined to the bodies of
xstate-using functions and does not propagate implicitly
along the call chain. Therefore, if a function’s body contains
no xstate instructions, switching without xsave and xrstor
is safe. For systems that differ, notably Windows x64, where
a subset of xmm registers are callee-saved [54], those registers
must be saved and restored explicitly on every context switch.

Importantly, the xstatedump analysis takes a conservative
approach: a code block is marked xstate-free only if it lies
entirely within xstate-free functions. All other blocks (e.g.,
thunks/PLTs, unknown code) are treated as xstate-present.

|:| branching |:| Bundled Handoff + GPR |I| xstate

[70,300]ns x non-xstate-free ratio
Harvestable ~ 150 ns |

[0] ] 1= [0
Budget: 200 ns

Figure 3: Cost breakdown of LITESWITCH’s stall handling path.
The costs for LDMB signaling and delivery are estimated. A fixed
cost of 18 ns includes scavenger selection, bitmap lookup, and gen-
eral registers save and restore. A variable cost is paid only when the
current context is not xstate-free.

I:l signaling

Practical considerations. xstatedump analyzes only the
main program binary; libraries and other mappings default
to conservative handling. A code-bitmap in 64-byte blocks
balances accuracy and space, typically adding only KiBs of
metadata, though some workloads are more sensitive and need
a smaller block size to yield effective skipping. The bitmap
is read-only and global, so lookup is lock-free. With these
choices, the mechanism is simple to implement and effectively
skips unnecessary xsave and xrstor operations (§6.2).

Cost estimation. The fixed per-handoff cost is the general-
state switch plus a bitmap lookup (14 ns on average). A vari-
able cost (i.e., one round of xsave/xrstor) is paid only when
in non-xstate-free blocks. Empirically, non-compute-dense
kernels take the fast path for most handoffs (§6.2). Even when
xsave/xrstor is needed in every handoff, the total cost re-
mains within the 200 ns budget for some workloads.

4.4 Putting It Together

Figure 3 summarizes the estimated costs of LITESWITCH’s
three core components: LDMB (detection and branch-
ing), Bundled Handoff, and xstate-Aware Context Switch.
For workloads that require little xsave/xrstor (e.g., non-
compute-dense) and with sufficient number of worker threads
per core, the combined per-stall overhead is typically within
50 ns, leaving most of a 200-ns CXL stall window available
for useful scavenger work.

S Implementation

The prototype of LITESWITCH is implemented on an In-
tel Emerald Rapids platform running Linux 6.8.12. The
LDMB mechanism is realized through a hybrid simulation-
emulation methodology (§5.1). The software components,
Bundled Handoff and xstate-Aware Context Switch, are
implemented within the Caladan user-level threading frame-
work [22], which provides complete user-level scheduling and
transparent threading semantics for unmodified applications.
The resulting prototype is a software environment capable of
running real, multithreaded workloads under controlled stall
conditions. The artifact of LITESWITCH is open-sourced [45].
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5.1 LDMB Emulation

The emulation of LDMB is implemented on a local-DRAM
system using a hardware-assisted mechanism that injects stall
events into a running workload. The goal is to reproduce two
key properties of a real LDMB system. First, it needs to inject
breakpoints into a running workload and divert execution to
LITESWITCH’s stall handler upon injections, as if a hardware
LDMB had delivered a stall notification. Second, these in-
jections should match the timing, frequency and duration of
CXL-induced stalls observed on real CXL systems.

Repurposing PMIs for stall injection with frequency em-
pirically derived from a real CXL system. The emulation
leverages Intel’s Performance Monitoring Unit (PMU), which
can generate Performance Monitoring Interrupts (PMIs) upon
counter overflows. Each core’s PMU counter is programmed
to track LLC load misses (mem_load_retired.13_miss), a
close proxy for DRAM-landing memory loads. The frequency
at which these PMIs are triggered is the percentage of LLC
load misses that would land on CXL memory, termed CXL
access ratio (Table 2). This ratio is empirically derived per-
workload on a CXL hardware-tiering system in Intel Flat
Memory Mode with 50:50 DRAM-to-CXL ratio. For exam-
ple, if the CXL access ratio is 20% for a given workload, the
PMU counter overflow threshold is set such that a PMI is
triggered for every 5 LLC load misses.

Upon a PMI, a kernel-space shim is invoked to inject an
emulated stall, prepare an LDMB stall frame containing the
user rip and rflags, and upcall the registered user-space
LITESWITCH handler. The stall duration and handler stub are
configured via ioct1. Since PMU operations are privileged,
using a kernel shim as a relay is unavoidable, which introduces
microarchitectural side effects (e.g., cache pollution and TLB
flushes) absent in real hardware LDMB. To minimize this, the
shim performs only minimal PMU bookkeeping and counter
resets; its critical path is about 76 lines of code with a footprint
of only a few instruction and data cache lines. Moreover, the
shim disables Kernel Page Table Isolation (KPTI) and enables
Process Context Identifiers (PCID), avoiding address-space
switches and TLB invalidations on transitions.

Importantly, the shim’s overhead is measured and sub-
tracted from reported workload results. Because PMIs (de-
livered as NMIs) are non-preemptible, per-invocation cost is
computed as lost wall-clock time over equivalent work and
normalized by the number of PMIs per run, ensuring fair
comparison across configurations with different stall rates.

The emulation also configures PMIs to fire only in user
mode, as kernel context is often vulnerable to rapid, arbitrary
switching due to severe reentrancy and correctness problems.

PMIs closely mirror the behavior of Intel Flat Memory
Mode. PMIs are asynchronous events that arrive after the
triggering LLC miss has completed. This largely mirrors
how CXL accesses are identified under Intel Flat Memory
Mode: the memory controller first reads the corresponding

Config Stall (ns) Handler
IFM-{len} len none
LITESWITCH 20 Bundled Handoff
SkyByte 600 full scheduling

Table 1: System configurations. IFM stands for Intel Flat Memory
Mode. Stall durations for L1 TeSwITCH and SkyByte are the cost
of their delivery mechanisms.

Application Workload CXL ratio CXL-PKI
Breadth-First Search urand 249 5.81
(bfs) web 12% 0.97
Connected Components urand 25% 4.49
(cc) web 17% 2.32
619.1bm_s 33% 11.57
SPEC CPU 2017 (spec) 638.1imagick_s 25% 0.01
657.%Z_S 25% 0.09
Memcached (memcached) ycsb_b 11% 0.01
FASTER KV (faster) ycsb_a 16% 0.90
Silo (silo) tpcc 16% 0.09

Table 2: Applications and workloads. The CXL access ratios and
CXL accesses per thousand instructions (CXL-PKI) are measured
in Intel Flat Memory Mode.

DRAM line and checks its tag to determine a DRAM miss,
then immediately re-issues the request over CXL. The key
difference is timing: a PMI may arrive many instructions after
the triggering LLC miss, whereas in Flat Memory Mode, the
tag check and CXL issuance occur back-to-back.

Stall emulation. The shim uses Intel tpause to emulate
stalls of specified lengths. tpause quiesces the hardware
thread for a programmable number of cycles without microar-
chitectural side effects, providing a faithful approximation of a
true memory stall. Importantly, tpause does not affect the sib-
ling SMT hardware thread; the sibling continues to run while
the other thread is tpause-d, enabling faithful evaluation of
SMT under CXL-scale stalls (§6.1). The shim also enforces
stall duration on a per-user-thread basis: if LITESWITCH re-
sumes a thread too soon, the shim ensures the outstanding
stall completes before that thread proceeds, for cases where a
thread is switched back before its prior stall has resolved.

Emulating system configurations. The emulation uses
three parameters to model diverse system configurations : (1)
CXL access ratio (Table 2), the fraction of LLC misses gener-
ating injections; (2) stall duration (Table 1), the delay before
the handler invocation, which could represent either the CXL
access latency (without harvesting) or the cost for stall deliv-
ery (with harvesting); and (3) handler activation (Table 1),
whether a software stall handler needs to be invoked.

LDMB’s emulation did not factor in memory-level paral-
lelism (MLP). As discussed in §4.1, not every LLC miss
induces a pipeline stall due to MLP, but LDMB’s emulation
conservatively treats every CXL-bound LLC miss as a stall
event, which overstates the frequency of harvestable stalls.
As future work, one can measure the per-workload fraction
of CXL-bound misses that overlap (i.e., a subsequent miss
fires with out-of-order execution, while a prior miss is still
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Figure 4: End-to-end application performance slowdown. All slowdown numbers are relative to local-DRAM with no CXL stalls.

in flight) and reduce the stall injection rate accordingly. For
instance, if 10% of a workload’s CXL-bound misses overlap,
the emulation should inject 10% fewer stalls.

Modeling accuracy and limitations. The emulation injects
stalls at a relatively flat rate and therefore does not model
burstiness or short-term correlations in the miss stream. This
abstraction aims at reporting end-to-end throughput under a
given average CXL access ratio and stall duration. At this
macro scale, the dominant factors are the total injected stall
time and the fraction of that time LITESWITCH can harvest;
preserving these factors should yield similar aggregate com-
pleted work even if the exact inter-stall timing differs.

This abstraction is less suitable for micro-scale timing ques-
tions. It does not faithfully model request latency, tail behav-
ior, or concurrent misses under MLP. Studying those effects
would require a methodology that preserves miss-stream burst
structure and dependency behavior and is left for future work.

6 Evaluation

This section answers the following questions:

* How much performance loss induced by CXL access la-
tency can LITESWITCH recover (§6.1.1)?

* How does LITESWITCH perform with SMT (§6.1.2)?

* Can LITESWITCH still deliver meaningful gains if the cost
of LDMB is higher than the estimated 20 ns (§6.1.3)?

* How does LITESWITCH’s effectiveness scale with increas-
ing CXL latency (§6.1.4)?

e What is the runtime overhead of LITESWITCH’s software
path (§6.2.1, §6.2.2)?

* How effective is LITESWITCH in avoiding unnecessary
xsave and xrstor operations (§6.2.3)?

Target CXL memory use case. The evaluation models
the hardware tiering use case exemplified by the Intel Flat
Memory Mode [6, 66], which is a relatively simple use of
CXL memory as single-host memory extension where local
DRAM acts as a direct-mapped cache for CXL. The CXL
access ratios per workload are measured on a real CXL system
in Flat Memory Mode configured with a 50:50 DRAM-to-
CXL ratio (Table 2). This setting represents the conservative
“lower end” of CXL memory stalls, where more complex
configurations like CXL memory pools likely exhibit higher
CXL latencies. The emulation and evaluation of LITESWITCH
runs on a different system with the Intel Xeon Gold 5512U

and only local DRAM, using the empirically derived CXL
ratios to reproduce realistic stall behavior.

Applications and workloads. The experiments cover a di-
verse set of memory-intensive workloads (Table 2) represen-
tative of several key domains: (1) sparse graph analytics from
the GAP Benchmark Suite [9]; (2) dense numerical compu-
tation from SPEC CPU 2017 [4]; (3) in-memory key-value
stores (Memcached [3] and FASTER KV [12]); and (4) in-
memory databases (Silo [58]). Each application-workload
pair is denoted as app/workload.

System configurations. Four system configurations are
compared in end-to-end experiments (Table 1): (1)
local-DRAM, an oracle baseline assuming infinite local
DRAM capacity and no CXL stalls; (2) IFM-{len}, a tiered-
memory configuration using Intel Flat Memory Mode, with
CXL access latency of 1len nanoseconds; (3) LITESWITCH,
the proposed system with a 20 ns LDMB delivery cost; and
(4) SkyByte, prior work that uses interrupts for stall delivery
and takes a full scheduling path for stall handling [65].

All configurations disable SMT (unless specified otherwise)
and use an equal number of physical cores. The number of
worker threads per core is chosen independently for each
configuration that yields the best performance. Throughput is
used as the end-to-end metric, since LITESWITCH’s primary
effect is improving aggregate CPU utilization.

6.1 End-to-End Performance

Overall, LITESWITCH consistently reduces end-to-end per-
formance slowdowns across a variety of workloads, with or
without SMT, and under higher LDMB cost and CXL latency.

6.1.1 End-to-End Slowdown Across Workloads
Figure 4! reports the performance slowdown of each con-
figuration relative to the 1ocal-DRAM oracle across all evalu-
ated workloads. LITESWITCH consistently reduces slowdown
compared to IFM-200 for every workload, empirically vali-
dating that the mechanism can extract meaningful harvesting
gains even at the lower end of real CXL latencies (200 ns).
LITESWITCH reduces slowdown by 30-80% relative to
IFM-200 for most workloads: bfs sees a much smaller 1.7—
4.1% slowdown versus 8—21% under IFM-200; in-memory

IFor all figures in the evaluation section, lower values on the y-axis
indicate better outcomes.

>Throughout this paper, phrases like “reduce slowdown by x%” and “x%
reduction” denote relative reduction, not absolute percentage-point change.
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Figure 5: Individual and combined effects of L1 TESw1TcH and SMT. Completion time measures the time to complete the same amount of
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Figure 6: End-to-end slowdown with SMT. All configurations are
measured with SMT turned on. SkyByte is excluded from this figure
because it yields consistently the worst slowdowns.
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Figure 7: LITESWITCH effectiveness under higher LDMB over-
head, ranging roughly 20-150 ns at 200 ns CXL latency. The lines
are linear fit. The red break-even points mark where each fit matches
the corresponding workload’s IFM-200 slowdown.

stores, faster and silo, see 2.5-3.1% versus 9—10%. These
workloads all remain under 5% slowdown, enabling practical
CXL memory adoption. memcached and 638.imagick_s are
particularly cache-friendly with negligible slowdowns for all
configurations. cc is more sensitive to memory latency, ex-
hibiting 9.6—-10% slowdown in LITESWITCH, but still reduces
slowdown by roughly 65% relative to IFM-200’s 27-29%.

SPEC workloads (619.1bm_s, 657.xz_s) show higher
slowdowns of 8.4% and 7.1%, respectively, with a more
modest 30% reduction over IFM-200. These benchmarks
make heavy use of SIMD/FP instructions, preventing xstate-
Aware Context Switch from skipping xsave/xrstor on most
context switches. Even so, LITESWITCH remains beneficial.
SkyByte exhibits the worst performance by a wide margin
across all workloads. This is because its interrupt-based deliv-
ery incurs a ~600 ns overhead inappropriate for harvesting
CXL memory stalls.

6.1.2 LITESWITCH with SMT

Figure 6 reports slowdown with SMT enabled. LITESWITCH
continues to provide substantial slowdown reduction: graph

workloads and KV engines see comparable reduction (30—
80%) to the no-SMT case. By contrast, SPEC workloads
619.1bm_s and 657.xz_s show smaller reductions of 7%
and 22%, versus 33% and 31% without SMT. The likely cause
is higher intra-core contention inherent to SMT: by un-stalling
hardware threads, LITESWITCH increases the fraction of time
both SMT siblings are active contending for core resources.
SMT alone also partially mitigates IFM-200 stalls. For exam-
ple, cc workloads slow down by 27-29% without SMT and
18-23% with SMT. While SMT can hide some CXL mem-
ory stalls, the benefits of LITESWITCH are complementary to
SMT, since LITESWITCH ‘un-stalls’ SMT hardware threads
that are blocked on CXL access.

To quantify the individual and combined effects, Figure 5
compares the normalized completion time (and the corre-
sponding speedup) under a baseline (no LITESWITCH, no
SMT), LITESWITCH alone, SMT alone, and both combined.

LITESWITCH and SMT each improve performance inde-
pendently, and their benefits largely compose when com-
bined. For example, bfs/urand speeds up by 1.16x with
LITESWITCH alone, 1.69 x with SMT alone, and 1.87 x when
both are enabled. A similar pattern holds for graph workloads
and KV engines. For most workloads, SMT alone provides
higher speedup than LITESWITCH alone. This is expected:
SMT enables true hardware concurrency at the instruction
level, whereas LITESWITCH only opportunistically harvests
stall cycles when CXL-bound misses occur. They both show
considerable variation across workloads. 638.imagick_s is
the extreme case where SMT sees little speedup, likely due
to intense contention between SMT siblings.

6.1.3 Effectiveness under Higher Cost of LDMB

Figure 7 isolates the effect of increasing LDMB delivery cost
while holding the target CXL latency at 200 ns. Across work-
loads, higher LDMB overhead shifts LITESWITCH’s slow-
down upward by a fairly fixed per-event penalty. It does not
introduce a disproportionate or qualitatively different failure
mode: the fitted lines remain close to linear, indicating that
the added cost is paid per delivered stall event.

The marked break-even points indicate where each fitted
LITESWITCH slowdown matches the corresponding work-
load’s IFM-200 slowdown. Beyond this point, increasing
LDMB overhead starts to eliminate LITESWITCH’s net end-
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Figure 8: LITESWITCH effectiveness under varying CXL laten-
cies (bfs/urand), ranging roughly 200-800 ns. Lines are linear fit.
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to-end gain. The x-axis value varies substantially across work-
loads because the software-path overhead differs by work-
load (§6.2). For instance, spec/619.1bm_s reaches break-
even near 72 ns, whereas bfs/urand remains beneficial until
roughly 185 ns. This gap reflects their different software-path
costs: bfs/urand rarely pays for expensive xsave/xrstor
because it exercises much less xstate than spec/619.1bm_s
(§6.2.3). These break-even values can be interpreted as the
available LDMB-overhead “headroom” for preserving posi-
tive end-to-end gains.

The fitted slopes also differ across workloads. A steeper
slope means that slowdown is more sensitive to additional per-
event cost, which largely tracks how sensitive the workload is
to memory-access latency in the first place.

6.1.4 Effectiveness under Varying CXL Latency

Figure 8 examines how slowdown evolves as CXL latency
increases from roughly 200 ns to 800 ns, using bfs/urand as
a representative workload (all other workloads see the same
qualitative pattern). Without LITESWITCH, slowdown grows
roughly linearly with CXL latency: longer memory stalls
inject proportionally more idle time per access.

With LITESWITCH, slowdown remains nearly flat across
the tested range. The slight upward trend arises because a
bundle can occasionally contain only one runnable thread,
leaving no scavenger available; those stalls must be waited
out in full. Empirically, such single-thread cases are mostly
fewer than 10%, so the aggregate impact is small (§6.2.1).

The key observation is that overall, LITESWITCH pays a
rather fixed per-stall cost per workload, largely independent of
the underlying CXL latency. This highlights LITESWITCH’s
potential to convert a wide range of CXL latencies into a
fixed, per-invocation cost in perceived progress, yielding con-
sistently low slowdowns even under greater CXL device vari-
ability and deeper topologies.
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Figure 11: Handler overhead (excluding xsave/xrstor). The data
points are measured on a synthetic matrix multiplication workload
where CXL-PKI can be easily tuned; The 18-ns stable cost is verified
on all workloads. The curve is exponential fit.

6.2 Overhead of the Software Path

The per-invocation cost of LITESWITCH’s software path has
three parts: (1) unharvestable stalls when the bundle has only
one runnable thread (the stall is waited out); (2) a fixed han-
dler cost, including scavenger selection, xstatedump bitmap
lookup, and general-register save and restore; and (3) a vari-
able cost for xsave and xrstor, paid only when the current
context is not xstate-free.

6.2.1 Thread Oversubscription

A strong empirical correlation exists between the stall ra-
tio (the fraction of LITESWITCH invocations with only one
runnable thread in the bundle) and the thread oversubscrip-
tion factor (total software worker threads divided by CPU
hardware threads). For bfs/urand (Figure 9), at 2x oversub-
scription, 45% of invocations have only one runnable thread
because workers frequently block on synchronization; as
oversubscription increases, the stall ratio falls quickly (to 12—
14% at 6-8 ) and then plateaus. Workload slowdown closely
tracks this decline. In practice, about 4—-8x oversubscription
sharply reduces the stall ratio, and roughly 6-12x keeps a
scavenger available for >90% of stalls for most workloads.
Oversubscription is a general multi-threaded tuning knob
rather than a requirement specific to LITESWITCH: too little
oversubscription risks under-utilization when threads block,
while too much increases contention and scheduler overhead.
LITESWITCH benefits when the workload provides enough
runnable threads to exploit the exposed stall windows.

6.2.2 Handler Overhead Excluding xstate

Figure 11 reports the fixed overhead of LITESWITCH’s han-
dler (scavenger selection, general-register save/restore, and
xstatedump bitmap lookup) as a function of trigger rate,
expressed as CXL accesses per thousand instructions (CXL-
PKI). At very low rates (< 10~%), overhead exceeds 100 ns;
it then drops sharply and plateaus near 18 ns once the rate
reaches 102, The effect is due to cache residency: at higher
frequencies, the handler’s memory footprint (bundle meta-
data, bitmap, context frames) stays hot between invocations.
All evaluated workloads operate at or above 10> CXL-PKI
(Table 2) and often much higher. Thus, 18 ns is the effective
fixed handler cost in practice.
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Figure 12: Effectiveness of xstate-aware skipping. The left bar
measures the execution time spent in xstate-using functions; the
right bar measures the fraction of handoffs requiring xsave/xrstor.

6.2.3 Effectiveness of xstate-Awareness

Figure 12 compares time spent in xstate-using functions
with the fraction of LITESWITCH context switches that re-
quire xsave/xrstor. Across workloads, these two measure-
ments are largely equivalent, indicating that xstate-aware
skipping is effective. A few cases deviate: faster/ycsb_a
requires far fewer xsave/xrstor than its time in xstate func-
tions. This discrepancy is because xstate-heavy functions
tend to be compute-bound with few memory loads, so stalls
are disproportionately triggered in non-xstate code paths.
Figure 10 shows how the granularity of xstatedump
bitmap impacts the fraction of context switches that require
xsave/xrstor for two xstate-light workloads. For cc/web,
the default 64-byte blocks still pay xsave/xrstor for more
than half of the switches, whereas 8-byte blocks reduce this
to near zero. This is likely because cc has a scattered xstate
usage pattern that widely taints blocks when the granularity
is coarse. bfs/web is less sensitive but follows the same trend.
Empirically, 64 bytes suffices for most workloads.

7 Discussions and Limitations

The applicability of LITESWITCH. LDMB detects CXL
accesses by relying on the CPU memory subsystem’s cache-
miss and routing path. Regardless of topology (e.g., direct-
attach, multi-headed, switched), on-chip routing is the earliest
point in the request path that can reliably determine whether
a load will go off-chip to CXL. Measurements show that
LITESWITCH’s mechanisms are already effective for the sim-
plest memory-expansion case with 200 ns CXL latency; as
latencies grow (e.g., deeper fabrics, contention, heterogeneous
devices), the recoverable stall window only increases. While
there is ongoing debate about which CXL deployments are
actually viable [43], LITESWITCH remains broadly useful
and benefits more as stalls lengthen.

Considerations for Intel Flat Memory Mode. In this sim-
ple setup, the memory controller must read in the correspond-
ing DRAM line first to determine whether an access missed
DRAM. With this model, while LDMB can still make de-
tection before a CXL access is issued, thus leaving the full
latency window for harvesting, detection is still technically
delayed by a full DRAM read. In deployments where CXL
devices are directly exposed rather than a slower caching tier,
detection does not need a full leading DRAM read and can

use the high-order bits of the physical address. The specula-
tion is that LITESWITCH could even outperform the oracle
case (i.e., infinite local DRAM), because LITESWITCH’s de-
tection and harvesting routine begin at roughly the same mo-
ment a DRAM or CXL request is sent off-chip. Therefore, if
LITESWITCH can switch to a scavenger faster than a DRAM
load completes, LITESWITCH observes stalls even shorter
than DRAM in perceived progress, thus better performance.

Potential real-world effects of LITESWITCH on memory-
level parallelism (MLP). LDMB’s pipeline flush might
reduce Out-of-Order (O00) depth, thus decreasing MLP. As
discussed in §4.1, however, LDMB’s return signal arrives only
after a load traverses the cache hierarchy and is detected as
CXL-bound; this path is at least LLC-hit-scale. During that
interval, the core continues dispatching independent instruc-
tions, and prior studies show that OoO cores typically exhaust
their instruction window within that timescale [40,41]. Conse-
quently, data-independent loads that could exploit MLP have
typically already been issued before LDMB can redirect, so
the pipeline flush sacrifices little MLP opportunity. Critically,
Bundled Handoff allows additional threads to issue their own
independent memory loads while the original miss is in flight,
effectively widening the core’s useful miss concurrency be-
yond what a single stalled thread could achieve.
Double-emulation methodology. LITESWITCH emulates
both LDMB delivery and CXL memory latency, compound-
ing uncertainty into the evaluation. Two discrepancies matter
most. First, the emulation injects stalls at fixed intervals de-
rived from each workload’s CXL access ratio. Real inter-miss
intervals are more variable, and closely spaced misses can
overlap through MLP rather than producing separate pipeline
stalls. This can overstate the number of harvestable events and
therefore modestly overstate LITESWITCH’s absolute gain.
Second, the evaluation uses 200 ns CXL latency, represen-
tative of the simplest direct-attached CXL. Deeper topolo-
gies (e.g., multi-headed, switched) and systems under load
(e.g., in Intel Flat Memory Mode, every DRAM miss dou-
bles bandwidth demand) push real latencies higher. Because
LITESWITCH pays a mostly fixed per-stall cost, longer stalls
widen the harvestable window; in those settings, the 200 ns
results likely understate potential gains.

8 Related Work

Switch-on-event (SOE) multithreading. SOE is a hard-
ware scheme from earlier multithreaded processors that
switches between hardware threads when a retirement-
blocking stall occurs [5, 11,24, 53]. SOE shares the basic
intuitions, but it always performs a costly full context switch
with all architectural state. While this cost was acceptable
for the more limited architectural state of older processors,
modern CPUs continue to expand xstate (e.g., AVX-512
and beyond), making full-state switching increasingly pro-
hibitive. LITESWITCH reduces this cost by selectively saving
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xstate only when needed. Besides, LITESWITCH triggers
only when a CXL-bound miss is determined, which selects
for stalls with a sufficiently long expected latency, rather than
committing to potentially short stalls when the hardware does
not distinguish the root cause of a retirement-blocking stall.
Software-based harvesting. MSH [50] harvests DRAM-
scale stalls within a single address space and uses fine-grained
register-liveness analysis to minimize general-register save/re-
store. However, its reliance on offline profiling to place yield
points is brittle in CXL. SkyByte [65] targets CXL-SSD laten-
cies (tens-hundreds of us) using device-provided hints deliv-
ered as interrupts so the OS can preempt and reschedule. That
interrupt-driven path is appropriate at SSD timescales but is
too costly for sub-ps CXL memory stalls. These limitations
motivate LITESWITCH’s combination of reactive, per-access
hardware detection with same-address-space handoff.
Mitigating SIMD/FP overhead in context switch. In ps-
scale user-level scheduling, context-switch overhead can also
dominate. Shinjuku [36] made a similar observation that con-
texts that do not use SIMD/FP need not preserve xstate,
and arranges its scheduler worker to be xstate-free so that
switches between a user context and the worker omit FP save
in one direction and FP restore in the other. However, an end-
to-end handoff between two user contexts still incurs a full
round of xstate save and restore. LITESWITCH’s xstate-
Aware Context Switch instead skips xsave/xrstor for direct
handoffs between two user contexts.

Existing hardware capabilities for hiding memory stalls.
Modern Intel server-class CPUs employ aggressive microar-
chitectural techniques such as out-of-order (O0O) execution,
speculative execution, and prefetching to overlap backend
stalls with useful work. These mechanisms can hide some
memory latency, but are fundamentally limited by bounded
resources such as the reorder buffer (ROB), issue queues, and
the number of outstanding cache misses tracked by MSHRs.
Long-latency DRAM accesses typically exceed what the ROB
can cover, and prefetchers often fail on irregular access pat-
terns or cause contention. Prior work has quantified these
limitations and shown that cores still frequently stall despite
deep speculation and scheduling windows [7,20,40,41].
Asynchronous memory semantics. Asynchronous mem-
ory access instructions (AMlIs) [60] decouple memory re-
quest issuance from completion in hardware, exposing ex-
plicit memory-level parallelism to the software but requiring
a radical asynchronous execution model. Beehive [46] applies
a similar principle in software for disaggregated memory, us-
ing compiler-generated Rust coroutines to overlap us-scale
remote accesses while preserving a synchronous-style pro-
gramming model. At a high level, both AMI and Beehive
hide memory latency by fitting in more concurrent outstand-
ing memory requests through asynchrony. LITESWITCH is
orthogonal: it targets cases where memory-level parallelism
may still fall short, turning true pipeline stalls into useful work
by intentionally switching to another worker thread.

9 Conclusions

LITESWITCH is a lightweight system for stall detection, de-
livery, and scheduling that effectively harvests sub-us CXL
memory stalls. LITESWITCH uses a combination of a simple
hardware-based detection method with lightweight branch-
ing into the same user address space, together with fast scav-
enger selection while avoiding the cost of saving and restoring
xstate registers when not necessary. Importantly, the ability
to sustain consistently low workload slowdowns largely inde-
pendent of CXL latency variability across diverse workloads
highlights LITESWITCH’s broad applicability.
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