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Abstract
Oversubscription is central to large-scale clouds: multiplexing
virtual CPUs (vCPUs) over fewer physical CPUs (pCPUs) im-
proves utilization and sales density, but meeting strict latency
Service Level Objectives (SLOs) requires precise control over
idle behavior. In 1:1 settings, idle-passthrough—especially
mwait-passthrough—works well: by allowing guests to ini-
tiate hardware idle transitions directly, it eliminates idle-
induced Virtual Machine (VM) exits and achieves near–bare-
metal latency.

In production oversubscribed environments, however,
passthrough breaks down. Because the hypervisor cannot
observe mwait idleness, a vCPU never yields its pCPU, caus-
ing idle vCPU to monopolize cores and driving up contention,
steal time ratios, live migrations, and SLO alarms across re-
gions. Controlled experiments reproduce these production
symptoms: even an idle vCPU executing mwait can raise
colocated tail latency by up to 3×.

We present mwait-sched, a virtualization-aware redesign
of mwait handling that reconciles bare-metal-like idle latency
with predictable pCPU multiplexing. mwait-sched integrates
deterministic timer-based emulation, fine-grained idle-interval
classification, and a scalable multi-address mwait-proxy that
restores idle visibility without frequent VM exits. Across
nine representative workloads, it reduces P99 (99th percentile)
latency by 30–50% and reduces steal ratio by 30–40%. At
hyperscale, across globally distributed production regions
comprising ∼ 3.2M pCPUs, it reduces high-contention steal
events by over 80%, cuts daily live migrations by 30–50%, and
raises oversubscription ratio from 1.0% to 20.3%, effectively
adding ∼ 600,000 vCPUs of sellable capacity.

1 Introduction

Oversubscription has become a common and effective strat-
egy in large-scale cloud platforms, allowing providers to
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(a) Average CPU utilization across three production regions.
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(b) Steal events across the region, where a VM’s steal time
ratio exceeds 5% in a 3-second sampling interval.

Figure 1: Cluster-level traces from three production regions.
Although utilization is low, oversubscription is capped at ∼1%
because higher selling would trigger contention and violate
latency SLOs.

increase resource utilization and improve overall fleet effi-
ciency [9,15,16,22,29,36,38,45,54]. By multiplexing virtual
CPUs (vCPUs) over a smaller pool of physical CPUs (pC-
PUs), Cloud Service Providers (CSPs) can significantly raise
oversubscription ratios without impacting most workloads.

At the same time, strict latency Service Level Objec-
tives (SLOs) remain central to cloud service guarantees. For
latency-sensitive applications, even small scheduling delays
can translate into SLO violations [5, 32, 40, 51]. The x86
mwait instruction is the standard low-latency idle path on
modern CPUs: paired with monitor, it places a core into a
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low-power C-state and wakes on a write to a monitored mem-
ory location, avoiding the IPI round-trip that interrupt-driven
idle paths like hlt require. In non-oversubscribed (1:1) set-
tings, mwait-passthrough offers an appealing solution (details
in §3): by allowing the guest to directly drive hardware idle
transitions, it eliminates Virtual Machine (VM) exits on idle
instructions and substantially lowers idle-exit latency, thereby
improving tail performance [24].

However, when applied to oversubscribed environments,
this same mechanism introduces critical problems. Instead
of enabling efficient multiplexing, mwait-passthrough dis-
rupts pCPU sharing and leads to escalating contention signals
across production regions.

To understand contention in our production environment,
we analyzed three regions representing large, medium, and
small deployments. Figure 1a shows VM-level CPU utiliza-
tion across these clusters. Despite uniformly low utilization,
oversubscription remains limited to only about 1%, because
selling additional capacity would amplify contention and vi-
olate latency SLOs. At million-core scale, each additional
percentage point of oversubscription yields roughly 10,000
vCPUs of additional sellable capacity.

To quantify contention, we use the steal-time ratio, the
fraction of time a vCPU is ready to run but cannot obtain
pCPU resources, and treat 5% as the operational threshold for
noticeable interference [34].

Figure 1b shows that, even under similarly low utilization,
regions differ by more than an order of magnitude in the
fraction of VMs exceeding this threshold. Unlike utilization,
rising steal-time ratios directly indicate performance degrada-
tion. This divergence demonstrates that utilization is decou-
pled from interference, making it an unreliable signal for safe
vCPU placement.

A deeper investigation revealed the root cause. Despite its
excellent latency characteristics, mwait-passthrough is funda-
mentally incompatible with pCPU sharing because its na-
tive semantics do not translate into virtualization. On
bare metal, mwait is a true blocking primitive: the proces-
sor enters a deep C-state and relinquishes execution until a
microarchitectural wake event occurs. In virtualization, how-
ever, this hardware-level blocking cannot be observed or me-
diated by the hypervisor. As a result, a passthrough vCPU
never performs a schedulable yield. From the host scheduler’s
viewpoint, it remains continuously runnable and is there-
fore accounted as 100% busy. This semantic gap—between
hardware-defined idleness and software-visible runnabil-
ity—causes passthrough vCPUs to monopolize their pCPUs
under oversubscription, amplifying contention, delaying colo-
cated vCPUs, and destabilizing latency-sensitive workloads.
This leaves us with a simple goal: keep mwait’s low wake-up
latency, but make idle vCPUs visible to the host scheduler
when pCPUs are shared. We introduce mwait-sched to meet
this goal through three mechanisms:

1. Profile-guided timer-based mwait emulation. A hy-
pervisor timer regains control from idle vCPUs at slice
intervals tuned per workload from PMU counters (short
slices of 20–50 µs for I/O-heavy services, longer for
CPU-bound), restoring idle visibility to the host sched-
uler without per-instruction trap-and-emulate cost.

2. Bimodal-idle vCPU aggregation. mwait idle dura-
tions follow a bimodal distribution—transient (µs-scale
spinlock backoff) versus stable (ms-scale quiescence);
mwait-sched aggregates only stable-idle vCPUs onto
shared pCPUs, raising density without making transient-
idle interference worse.

3. Multi-address mwait-proxy. A hypervisor-side linked
list of monitored addresses, scanned on every hypervisor
entry, replaces per-vCPU timers when several vCPUs
share a pCPU; this variant scales beyond two-vCPU
colocation and is deployed on the burst-instance fleet.

We deployed mwait-sched in the production fleet of a lead-
ing global cloud provider, covering ∼ 3.2M pCPU cores. In
production, it reduces average daily alarms by 61.5%. In tar-
geted workloads that match our main deployment scenarios,
it reduces latency by 60% on average. To our knowledge, this
is the first work to systematically study and optimize idle
instructions in large-scale cloud environments.

2 Background

2.1 vCPU Scheduling

Colocation for Latency-intensive Workloads. Cloud
workloads exhibit substantial variability in CPU demand,
prompting cloud providers to increase pCPU utilization by
multiplexing multiple vCPUs on fewer physical cores. Prior
studies examine how to pack heterogeneous tasks while bal-
ancing contention, latency, and utilization [4, 9, 14, 21, 31]. A
long line of work explores colocating latency-critical (LC)
and best-effort tasks to increase aggregate efficiency [13, 17,
29, 33, 48]. In production, however, even colocating idle vC-
PUs with LC workloads can violate SLOs: idle vCPUs create
unpredictable wake-up interference that breaks LC latency.
Consequently, CSPs adopt exclusive core allocation for LC
workloads, avoiding any form of colocation.

A key mechanism enabling safe oversubscription is the use
of idle instructions as cross-layer scheduling signals. Unlike
bare-metal systems, where idle instructions serve solely as
power-management hints, virtualized environments reinter-
pret them as opportunities for vCPU descheduling: the hyper-
visor treats a guest idle event as an explicit yield, reclaiming
pCPU cycles for runnable vCPUs [5, 33, 54]. Thus, accurate
idle detection is fundamental to high-density multiplexing.
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Figure 2: Bare-metal vs. virtualized mwait. Hardware mon-
itoring enables fast, cache-line–granular wake-up. Virtual-
ization must use coarse, high-overhead mechanisms such as
page-protected emulation.

2.2 Idle Instructions

Modern CPUs provide hlt and mwait to enter idle states with
varying power and latency characteristics [41, 50]. hlt halts
execution until an interrupt arrives, whereas mwait waits on
monitored memory events and enables deeper C-states with
lower exit latency [23, 55]. These properties make mwait an
appealing candidate for latency-sensitive workloads.

However, mwait semantics fundamentally conflict with vir-
tualization. The instruction depends on microarchitectural
monitoring and cache-line–granularity wake-up signals that
software-based hypervisors cannot observe or emulate [42].
Virtualized clouds rely on idle events to detect quiescent vC-
PUs and reassign their pCPUs; hlt supports this by triggering
a VM exit and allowing the hypervisor to suspend the vCPU.
But these VM exits impose substantial overhead that inflates
tail latency [6, 25, 28].
mwait creates even deeper challenges. Upstream KVM,

lacking hardware visibility, treats intercepted monitor/mwait
as no-ops, forcing the vCPU to spin and preventing the hyper-
visor from recognizing idleness [26, 27]. Passthrough allows
the guest to execute native mwait and enter hardware C-states,
but because the vCPU thread remains bound to the pCPU,
guest idleness becomes host-level busywait, causing large
and unpredictable delays for colocated vCPUs [47]. In short,
both no-op emulation and passthrough destroy the scheduling
semantics required for efficient pCPU sharing.

Virtualizing mwait: Monitoring vs. Software Simula-
tion. Figure 2 illustrates the semantic gap. On bare metal,
monitor tracks writes to a cache line and wakes the CPU
through a microarchitectural event. In virtualization, issuing
monitor/mwait causes a VM exit. The hypervisor must ei-
ther poll the monitored address—wasting pCPU cycles—or
rely on page-protected emulation, where writes trigger page
faults or EPT (Extended Page Tables) violations [18]. This
emulation incurs thousands of cycles and operates at page
granularity, far coarser than mwait’s intended semantics.

Host vs. Guest Semantic Gap. Passthrough further exposes
a scheduling mismatch: the guest expects mwait to place
the CPU in a deep C-state, while the host scheduler expects
runnable vCPU threads. When the pCPU enters deep idle, the
host loses visibility into the vCPU’s status, preventing safe
time-slice reallocation and introducing long wake latencies
that affect other tenants [47]. These effects directly conflict
with oversubscription and predictable tail-latency guarantees.

Security Considerations. Allowing unregulated
passthrough of mwait in multi-tenant settings intro-
duces denial-of-service and timing-side-channel risks [52].
A malicious VM could force pCPUs into deep C-states,
delaying colocated workloads and amplifying latency
variance.

Existing Mechanisms and Limitations. Prior mechanisms
attempt to reconcile mwait with virtualization, but all intro-
duce severe trade-offs:

1. NOP Simulation: Trap-and-resume converts guest idle
loops into rapid VM exits, preserving wake-up latency
but imposing high exit overhead.

2. mwait-Passthrough (non-oversubscribe): Allows na-
tive C-state transitions but prevents the hypervisor from
detecting idleness, making oversubscription unsafe.

3. hlt-Passthrough: Avoids the trap on hlt itself, but ev-
ery wake-up still arrives as an IPI that traps for emulation
and injection, so the hypervisor pays an exit-and-reentry
per idle-active transition.

4. Paravirtualization: Requires intrusive guest changes
and is unsuitable for public clouds.

Across these methods, none preserve low-latency mwait se-
mantics while enabling scalable, high-density vCPU aggrega-
tion. Existing approaches either abandon hardware behavior,
incur prohibitive overheads, or break core-sharing safety.

Summary. Efficiently supporting mwait in production-
scale virtualized environments remains a challenging and
high-impact problem. The instruction’s reliance on microar-
chitectural memory events is fundamentally misaligned with
software-based hypervisor control, and both existing emula-
tion and passthrough fail to provide accurate idle detection
or safe pCPU sharing. Overcoming this semantic conflict is
essential for enabling low-latency workloads and high over-
subscription in modern multi-tenant clouds.
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Figure 4: YCSB latency CDF on a latency-critical VM
colocated on the same pCPU with an otherwise-idle VM.
Three curves vary the idle instruction the colocated VM uses:
hlt, mwait-nop (KVM treats mwait as a no-op), and mwait-
passthrough. Both mwait variants degrade the latency-critical
VM substantially relative to hlt, even though the colocated
VM is doing no work, because under both the idle vCPU
never yields the pCPU back to the latency-critical workload.

3 Characterization

3.1 Symptoms: Latency Benefits but Severe
Colocation Interference

We conducted YCSB (Yahoo! Cloud Serving Benchmark [8])
experiments with four different configurations: (1) Bare-
metal, where the system runs directly on physical hardware
without any virtualization; (2) VM with hlt, where the vir-
tual machine (VM) uses the hlt instruction to enter an idle
state; (3) VM with mwait, where the VM uses the mwait in-
struction to enter a low-power state; and (4) VM with mwait
passthrough, where mwait is passed directly to the guest with-
out any intervention. In configurations 2 and 3, both hlt and
mwait are privileged instructions, so they trigger a trap and
emulation process. As a result, both setups involve VM exits

Table 1: Comparison of vm exits (exits/s)

mwait-passthrough mwait-nop hlt

Total 9,953 1,835,258 6,161
Idle-induced 0 1,826,602 1,773

when the instructions are executed.
As shown in Figure 3, we observed the impact of different

configurations on average read and write latencies, as well
as P99 (99th percentile) latencies. The Bare-metal config-
uration, representing the host system, provides the highest
performance and serves as the ideal performance for latency.

Among the virtualized configurations, the mwait-
passthrough VM delivers the lowest latency: its average
read and write latencies are roughly 20% lower than those
of both the hlt-based VM and the mwait-nop VM. The
improvement also appears in the tail, where passthrough
achieves lower P99 latency.

The key difference is that mwait-passthrough avoids all
idle-induced exits, while mwait-nop triggers more than 1.8M
and hlt incurs 1,773 (Table 1). By allowing the guest to
change the hardware idle state without involving the hypervi-
sor, passthrough eliminates the trap–and–resume cycles that
dominate exit overhead. This directly accounts for both the
roughly 20% reduction in average latency and the improve-
ment in P99 latency.

While mwait-passthrough allows the guest to directly is-
sue hardware mwait, it becomes problematic once the host
CPU is shared. To quantify this effect, we colocate a latency-
critical VM with an otherwise-idle VM on the same pCPU
and vary the idle instruction the colocated VM uses: hlt (the
standard, hypervisor-trapped path), mwait-nop (KVM’s cur-
rent treatment of guest mwait), and mwait-passthrough. We
then run a YCSB latency test on the loaded VM. As shown in
Figure 4, both mwait variants cause substantial performance
degradation relative to hlt, even though the second VM is
completely idle. This result highlights a fundamental problem:
once a vCPU executing mwait occupies a shared pCPU with-
out yielding, any co-located vCPUs can experience severe
and unpredictable latency inflation.

3.2 Root Cause: Missing Idle-Exit Signals un-
der Passthrough

Although mwait-passthrough substantially reduces VM exits,
it also prevents an idle vCPU from yielding control back to the
hypervisor. This limitation becomes harmful under oversub-
scription—the common case in production—where multiple
vCPUs share a single pCPU. In such settings, enabling mwait
passthrough can unintentionally amplify contention and in-
crease latency.

As shown in Figure 5, when there is no oversubscrip-
tion and each vCPU is pinned to its own pCPU, mwait-
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Passthrough preserves low latency when each vCPU owns a
dedicated pCPU, but prevents timely yielding under oversub-
scription, inflating latency for colocated vCPUs.

passthrough behaves benignly. Even if the guest enters an idle
loop, no other vCPU competes for the core, and the vCPU
will simply resume execution without incurring additional
VM exits. This is why passthrough delivers the best latency
in 1:1 vCPU–pCPU environments.

The behavior changes fundamentally under oversubscrip-
tion. Consider the scenario in which vCPU 0 executes mwait
intending to yield. Because passthrough treats mwait as a
hardware instruction, the hypervisor receives no signal that
the vCPU has become idle. Consequently, the pCPU continues
to be “owned” by vCPU 0—even though it is idle—until an
unrelated event such as a timer interrupt triggers a scheduling
opportunity. Meanwhile, vCPU 1, which is runnable and wait-
ing on the same pCPU, experiences inflated queuing delays.
The resulting latency inflation is especially severe for latency-
critical workloads colocated with a passthrough-mwait VM.

In contrast, if mwait is trapped, the hypervisor can imme-
diately reassign the pCPU to vCPU 1, restoring expected
scheduling behavior and significantly improving tail latency.
This divergence in behavior makes it necessary to handle
idle instructions differently depending on whether the system
is oversubscribed. In short, while passthrough is ideal for
1:1 mappings, it is detrimental in shared-core settings where
timely yielding is essential for maintaining low latency.

4 mwait-sched Design

mwait-sched is designed to make mwait usable in over-
subscribed, multi-tenant cloud environments, where naïve
passthrough causes uncontrolled contention and existing trap-
and-emulate approaches fail to preserve low-latency behavior.
The scheduler must protect latency-sensitive workloads, sup-
port high consolidation to improve resource utilization, and
mitigate interference under colocation. To meet these require-
ments, we design mwait-sched as a hypervisor-level mech-

vCPU

pCPU

§ 4.2 Idle 
Classifier

C-State pCPU

vCPU

§ 4.1 Timer-Based
/§ 4.3 mwait-proxy

…

… vCPUvCPUmwait
mwait emu

De-aggregate Aggregate

passthrough

1:1 1:N

! ! !"

VMM

" "

Figure 6: Overview of mwait-sched. Active vCPUs run 1:1
with passthrough mwait (left); the §4.2 idle classifier aggre-
gates stable-idle vCPUs onto a shared 1:N pCPU (right),
where mwait is emulated by either the §4.1 hypervisor timer
or the §4.3 multi-address linked-list proxy.

anism that preserves the low-exit semantics of mwait while
giving the hypervisor sufficient visibility to safely multiplex
vCPUs on shared pCPUs. We have deployed mwait-sched
across production regions, where it operates at cloud scale
and serves diverse tenant workloads. The remainder of this
section describes its core components: profile-guided mwait
emulation, contention-aware wake-up, mwait-based vCPU
aggregation, and a scalable multi-address mwait-proxy for
high-density consolidation.

Figure 6 illustrates the core idea of mwait-sched. The hy-
pervisor handles vCPUs in two modes based on how often
they idle. Active vCPUs run 1:1 with passthrough mwait,
which lets the core enter a hardware C-state directly and gives
the lowest exit latency. Once a vCPU’s idle pattern is classi-
fied as stable by idle classifier in §4.2, it is aggregated onto a
shared 1:N pCPU where mwait is emulated either by §4.1’s
periodic hypervisor timer (used for low-density colocation,
e.g., dedicated instances at ≤1:2) or by §4.3’s multi-address
linked-list proxy (used at higher density on burst instances,
typically ∼1:4). When a previously stable vCPU resumes ac-
tivity, the classifier de-aggregates it back to a dedicated pCPU.
Together these mechanisms close the visibility gap of mwait
under virtualization without sacrificing the low-latency idle
path for active workloads.

4.1 Profile-guided mwait emulation

As §3 shows, mwait passthrough works well only when a
vCPU exclusively owns a pCPU, while enabling mwait ex-
its is necessary under colocation to avoid uncontrolled con-
tention. A natural first step is therefore to enable passthrough
only for exclusive vCPUs. However, this immediately raises a
key challenge: how to emulate mwait correctly when multiple
vCPUs share a pCPU.

As discussed in §2.2, the special semantics of mwait make
simple trap-and-simulate infeasible. The hypervisor cannot re-
liably observe the memory writes that should wake a sleeping
vCPU, and therefore cannot emulate the hardware monitor-
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ing behavior. To address this, we introduce a periodic timer
that forces control back to the vCPU at fixed intervals. At
each timer tick, the vCPU checks whether its wake-up condi-
tions are met, allowing us to provide deterministic mwait-like
behavior even when vCPUs are colocated.

Figure 7 illustrates the effect of KVM’s current no-op im-
plementation. When mwait is treated as a NOP, a vCPU never
yields and effectively monopolizes the pCPU time slice, caus-
ing severe interference for colocated vCPUs.

In mwait-sched, we replace the NOP with a timer-based
emulation. The timer guarantees that a vCPU regains control
within a bounded time window, while allowing the scheduler
to allocate the pCPU to other vCPUs between ticks. The
length of this window determines the tradeoff between latency
and throughput: short slices allow latency-sensitive workloads
to regain execution quickly, while overly short slices introduce
excessive VM switching overhead and waste CPU cycles in
context switching.

To balance this tradeoff, a number of approaches could in
principle be adopted—ranging from offline profiling with
per-VM tuning, to online machine-learning classifiers, to
fine-grained instruction-level instrumentation. However, these
techniques introduce nontrivial complexity, operational bur-
den, or deployment risks at hyperscale. For production stabil-
ity, we adopt a simple and robust solution: a profile-guided
mwait emulation.

As shown in Figure 8, most latency-sensitive, I/O-heavy
workloads (FS, MySQL, Redis, ZooKeeper, and PT) achieve
their lowest P99 latency when the mwait-sched slice is short,
typically in the 20–50 µs range: for example, Redis get/set
improve by roughly 4–5× when moving from a 0 µs slice to
20 µs. In contrast, the CPU-intensive super-pi benchmark
benefits from longer slices, with P99 latency steadily decreas-
ing by about 2.5× as we extend the slice from 0 µs to 400 µs.
The mechanism is direct: I/O- and synchronization-heavy
workloads idle frequently and are sensitive to wake-up la-

0 20 50 100 200 400
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Figure 8: Normalized P99 latency across nine representative
workloads (definitions in Table 3) as we vary the mwait-sched
slice length. Each row is normalized to the minimum P99 ob-
served for that workload (greener is better). All measurements
were collected under a 2 vCPU : 1 pCPU colocation setting.
Short slices (0–50 µs) favor I/O- and synchronization-heavy
services, whereas CPU-bound compute prefers longer slices.

tency, so a shorter slice that resumes them quickly when the
wake event arrives reduces queuing delay; super-pi rarely
idles, so any short-slice timer overhead pays for nothing and
just wastes cycles.

eBPF traces of representative vCPUs make this concrete:
an I/O-bound vCPU enters mwait only ∼19 times/sec but
stays idle ∼53 ms each time (∼96% of episodes longer than
1 ms), while a CPU-bound vCPU enters ∼6,900 times/sec
with each idle averaging only ∼110 µs (∼95% under 200 µs).
The I/O-bound vCPU spends most of its time idle waiting for a
request, so each wake aligns with a real I/O or synchronization
event and a short slice cuts directly into the request tail. The
CPU-bound vCPU’s idles are short scheduler-sync gaps with
no external wake to align with, so a short slice just adds a
timer interrupt per gap without any latency upside.

Because we cannot inspect applications inside customer
VMs, we infer workload type by sampling PMU (Perfor-
mance Monitor Unit [20]) counters and using the ratio of
IOPS (Input/Output Operations Per Second) to vCPU utiliza-
tion as a simple, deployable indicator: high ratios correlate
with latency-sensitive workloads, while low ratios correspond
to CPU-intensive jobs. Based on this signal, mwait-sched
dynamically steers such workloads toward shorter or longer
slices, balancing latency and throughput across diverse ten-
ants.

As shown in Figure 9, the guest-reported VM utilization
stays nearly flat (around 6–9%) across all slice lengths, but
the host CPU utilization jumps from about 8–10% at 400 µs
to over 50–60% at 0–20 µs. These extra host cycles are spent
on more frequent timer interrupts, VM exits, and reschedul-
ing rather than useful work, effectively increasing the cost
of idleness and capping the workload’s maximum sustain-
able throughput. Thus, blindly choosing the smallest slice is
counterproductive: mwait-sched must trade off tail-latency
gains against the additional host CPU consumption of overly
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fine-grained slices.

Avoiding Lock-Holder Preemption in mwait Emulation.
A naïve implementation of profile-guided mwait emulation
wakes only the vCPU that issued the simulated mwait exit.
However, this approach suffers from the classic lock-holder
preemption problem: the awakened vCPU often depends on
another vCPU—typically the lock holder or a synchroniza-
tion partner—that has been descheduled by the hypervisor.
As a result, the awakened vCPU immediately stalls on the
same contended memory location, wasting its entire time slice
and amplifying tail latency. In oversubscribed environments,
where such dependency chains are common, this can lead to
severe head-of-line blocking and cascading delays across the
VM.

To address this issue, we treat mwait-driven wake-ups as
VM-local synchronization events and wake all runnable vC-
PUs belonging to the same VM. When the periodic timer
re-evaluates simulated mwait states and determines that a
vCPU should be woken, we activate not only the vCPU that
originally issued the simulated mwait but also other vCPUs in
the same VM that may lie on its critical path. This optimiza-
tion addresses the classic lock-holder preemption problem:
by waking all runnable vCPUs that may participate in the
upcoming synchronization step—including lock holders, I/O
threads, and application threads likely to release or propagate
the event—we ensure immediate forward progress and avoid
pathological latency spikes under oversubscription.

The overhead of this design is low in practice: VMs typi-
cally have only a small number of runnable vCPUs near idle
boundaries, and waking them merely marks the vCPUs as
eligible for scheduling rather than forcing context switches.
Figure 11 confirms this even in the worst case where all 48
vCPUs of a VM are woken at once. The hypervisor cost to
mark all 48 runnable stays at ∼20 µs across oversubscription
ratios R ∈ {1.0,1.1,1.2,1.5}, since the work scales with the

vCPU #0 vCPU #N…
VM

vCPU #0 vCPU #N…
VMwake-up

vCPU #0 vCPU #N…
VM

X

vCPU #0 vCPU #N…
VM

vCPU #0 vCPU #N…
VMwake-up

vCPU #0 vCPU #N…
VM

wake-up

Lock-Holder Preemption VM-wide Wake-up

√

Figure 10: Naïve mwait emulation wakes only the waiter,
leaving the lock holder descheduled and causing lock-holder
preemption. mwait-sched instead performs VM-wide wake-
ups, ensuring lock holders and waiters are co-scheduled to
restore forward progress under oversubscription.

vCPU count, not the level of oversubscription. The time until
every vCPU is actually on-CPU climbs to ∼240 µs at R=1.5,
but that gap is just the queue waiting for a pCPU to free
up; any wake mechanism inherits it under oversubscription.
In contrast, the latency benefits are substantial. By aligning
wake-up semantics with VM-level synchronization behavior,
the scheduler ensures that lock holders and waiters are co-
scheduled, reducing wake-up jitter and improving end-to-end
performance under oversubscription.

Figure 10 illustrates the difference between naïve single-
vCPU wake-up and our VM-wide wake-up strategy. In the
naïve case, the waiter is awakened while the lock holder re-
mains descheduled, causing the waiter to spin unproductively
until the next scheduling opportunity. In contrast, our ap-
proach wakes both the waiter and the lock holder, restoring
forward progress immediately.

4.2 mwait-based vCPU Aggregation
A central insight of mwait-sched is that mwait provides a fine-
grained, guest-generated signal of short-term idleness that can
be formalized and exploited for safe vCPU aggregation. To
distinguish meaningful slack from brief synchronization stalls,
mwait-sched maintains a lightweight profile of idle intervals.
Let ∆ti denote the duration of the i-th idle episode, measured
as the time between two consecutive mwait entries or between
mwait entry and the next activity-indicating timer tick. Empir-
ically, idle durations form a bimodal distribution: one cluster
corresponding to microsecond-scale transient idle caused by
spinlock backoff or retry loops, and another corresponding to
millisecond-scale stable idle produced by genuine quiescence
such as thread sleep or queue emptiness. Figure 12 confirms
this on production hosts: in eBPF-sampled traces, 99.6% of
mwait episodes on busy vCPUs finish within 200 µs, while
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96.0% of episodes on idle vCPUs last beyond 1 ms. Almost
nothing lands between 200 µs and 1 ms, so a single threshold
cleanly separates the two populations.

We formalize this distinction using a classifier C(∆ti):

C(∆ti) =

{
transient, ∆ti < θ or ∆ti ∈ HighVar(W ),

stable, ∆ti ≥ θ and ∆ti ∈ LowVar(W ),

where θ is a latency-safe aggregation threshold, and Var(W )
measures the variance of idle intervals over a sliding window
W = {∆ti−k, . . . ,∆ti}. Transient idle thus corresponds to short,
bursty intervals with high variance, indicating imminent for-
ward progress and making aggregation unsafe. Stable idle
corresponds to long, low-variance intervals, signaling that the
vCPU is quiescent and eligible for aggregation.

Only vCPUs for which C(∆ti) = stable are considered for
packing. When spare capacity is available, the scheduler ag-
gregates these stable-idle vCPUs onto shared pCPUs, increas-
ing consolidation density while avoiding interference with
active workloads.

To preserve latency guarantees, aggregation is tightly cou-
pled with deterministic de-aggregation. When a vCPU ex-
hibits transient idleness, exiting mwait quickly, it is imme-
diately separated from its siblings and restored to dedicated
execution. This rapid de-aggregation prevents bursty work-
loads from incurring queuing delays while still allowing deep
consolidation during idle phases.

Compared to traditional consolidation mechanisms that
rely on coarse reactive signals such as CPU utilization or
run-queue length, mwait-based aggregation is predictive: the
guest explicitly informs the hypervisor of current idleness,
enabling fine-grained packing opportunities without incurring
unnecessary interference. This design improves consolidation
density, supports higher oversubscription ratios, and reduces
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Figure 12: Distribution of mwait idle durations sampled
with eBPF on randomly chosen production hosts. 99.6% of
episodes on busy vCPUs end within 200 µs; 96.0% of episodes
on idle vCPUs last beyond 1 ms. The two populations are
essentially disjoint, justifying the binary stable/transient clas-
sifier.

pCPU fragmentation while keeping tail latency close to the
non-overcommitted baseline.

Architectural C-state reporting does not solve this visibil-
ity problem. Although x86 processors expose MWAIT-hint-
driven C-state residency fields through power-management
registers [19], these counters are too coarse and asynchronous
for scheduling. They can show that a core spent time in an
idle state, but they do not provide the timely per-vCPU yield
signal needed to multiplex pCPUs safely.

4.3 Multi-Address mwait-Proxy

The profile-guided, timer-based approach works well when
only two vCPUs share a pCPU, but it fails to scale as more vC-
PUs are colocated. Assigning a dedicated timer to each vCPU
triggers excessive VM switches, consuming substantial pCPU
cycles in context switching. Moreover, for workloads such
as database systems that rely heavily on bare-metal mwait
on the NEED_RESCHED flag to bypass IPIs [46], timer-based
emulation becomes fundamentally inadequate: the guest must
wait until the next timer tick, even when the NEED_RESCHED
flag is already set.

To support high vCPU aggregation while avoiding these
delays, we introduce a multi-address, linked-list–based mwait-
proxy design that tracks multiple watched locations and
promptly boosts these workloads without relying on periodic
timers. Each time a vCPU executes mwait and exits, we insert
its monitored address into a shared linked list maintained by
the hypervisor. Whenever control returns to the hypervisor,
we scan this list and check all monitored addresses to deter-
mine whether any vCPU should be woken up. Unlike the
timer-based approach, this method allows multiple vCPUs to

536    20th USENIX Symposium on Operating Systems Design and Implementation USENIX Association



vCPU #0 vCPU #1

monitor(&foo)

List foo baz …bar

VM

Hypervisor

vCPU #2

monitor(&bar) monitor(&baz)

Scheduler
Shared Monitor List

Scan
changes

Figure 13: mwait-proxy replaces per-vCPU timer polling
with a shared multi-address monitor. By tracking all mwait
addresses in the hypervisor, it supports many colocated vC-
PUs without incurring excessive VM exits.

share a pCPU efficiently without installing multiple periodic
timers, eliminating unnecessary VM switches and reducing
wasted cycles.

We believe this multi-address proxy is the most practical
way to emulate multi-address mwait using today’s x86 hard-
ware. Supporting true multi-address monitoring would likely
require ISA support—such as a new vectorized monitor in-
struction—to allow the hardware to track multiple addresses
natively.

Wake-up correctness. Native x86 mwait wakes on any
store to the monitored address, not on a value change, so a
same-value write or a write-then-revert can in principle defeat
a value-comparison check. mwait-sched is unaffected: the
timer just delays the vCPU between checks, and the wake
check runs at every tick, so no event in the steady state
goes unchecked. The question applies to mwait-proxy, which
checks the monitored value (not the coherence event) when
it scans the watch list. We accept this simplification because,
in current Linux guests, only the idle path uses mwait, and
its wake signal is the kernel’s need_resched flag going from
0 to 1. Only the idle vCPU itself clears the flag, so a same-
value write by another vCPU does not occur in practice; even
if it did, native mwait would just wake the vCPU, re-check,
and re-enter mwait—indistinguishable from our skipping the
spurious wake. No kernel logic we surveyed depends on ob-
serving every store as a discrete pulse: a software flag that is
set and then cleared between observation points is already an
inherently missable event, so guests do not build protocols
around it. Moreover, KVM’s upstream mwait-nop has the
same limitation: with mwait NOPed, the guest’s idle loop
polls the wake flag itself, and a same-value write or write-
then-revert between two polls is equally missed. mwait-proxy
therefore introduces no regression relative to current produc-
tion behavior.

Security. Pure mwait-passthrough lets an idle vCPU mo-
nopolize a shared pCPU, which §2.2 flagged as a denial-of-
service vector. Both mwait-sched and mwait-proxy close this

Table 2: Environment Configuration

Type Hardware / Software Configuration

Host

Intel Xeon CPU Platinum 8269CY
52C/104T @ 2.50GHz (2 sockets)
12 × 16GB DRAM DDR4 2666 MT/s
Linux 4.9.168
QEMU 8.2.2

Guest VM

4 vCPUs, 8GB RAM
Linux 5.10.134
NIC: dual-queue virtio-net ×1
10Gb/s max throughput, 190,000 PPS

Production
37 regions, 92,000 nodes
Same generation as host

Table 3: Representative Workloads Used in the mwait-sched
Evaluation

Workload Type Description

FS [2] Disk I/O File I/O with fdatasync
MS [3] Disk I/O MySQL: Random get/set
PT Network Ping Gateway
RD [35] Network Redis: Random get/set
SP [12] Computation Calculates π

TC Network TCP connection loop
ZK [1] Network ZooKeeper service

gap: a malicious or buggy guest cannot withhold the pCPU
beyond one timer slice (mwait-sched) or until the next hy-
pervisor entry (mwait-proxy), so the worst-case interference
one tenant can impose on its colocated neighbors is small
and predictable. The hypervisor stays the trust boundary, and
these paths use only state already available from VM exits, so
they do not add any new attacker capability.

5 Evaluation

We evaluate mwait-sched through a comprehensive set of
experiments. First, we examine end-to-end latency and pre-
emption behavior across diverse workloads to characterize
its scheduling impact. Second, we assess the effectiveness of
mwait-proxy under high oversubscription ratios and quantify
its ability to sustain performance at scale. Third, we analyze
multi-region deployment data to demonstrate the improve-
ments mwait-sched delivers in real production environments.

Experimental Setup. We evaluate mwait-sched through
controlled experiments and production deployments. Our
study compares four configurations:

• mwait-nop (Baseline): Upstream KVM implements
mwait as a no-op, causing the vCPU to remain runnable
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Figure 14: Performance and Interference Analysis. Comparison of mwait-nop, mwait-passthrough, and the proposed mwait-
sched and mwait-proxy mechanisms. Simple benchmarks such as Ping remain stable, while mwait-sched reduces preemption
overhead for synchronization-heavy workloads.

and always accounted as 100% busy. This reflects the
default behavior in today’s virtualized clouds.

• mwait-passthrough: mwait executes directly without
triggering VM exits, offering the lowest exit latency but
preventing pCPU sharing because the vCPU never yields
to the hypervisor.

• mwait-sched: Our timer-based emulation of mwait,
which exposes idle signals to the hypervisor while avoid-
ing the high overhead of trap-and-emulation. This en-
ables predictable pCPU sharing under oversubscription.

• mwait-proxy: A linked-list–based multi-address mon-
itor that extends mwait-sched to track many vCPUs
concurrently, improving aggregation density under high
oversubscription.

All configurations are shown in Table 2. Experiments con-
strain guest VMs to a single NUMA node to avoid cross-node
interference. Our production evaluation spans multiple re-
gions and heterogeneous workloads, enabling characterization
across diverse usage patterns and deployment scales.

Workload. Due to privacy and isolation requirements, our
microbenchmarks were conducted in a controlled testbed
rather than on production VMs. The testbed evaluation spans
24 representative workload categories and 220 scenarios. A
scenario pairs a workload category with a traffic profile, in-
cluding request mix, rate, and key/payload distribution. These
scenarios are derived from production traffic patterns, user
reports, and performance incidents. Table 3 lists the subset
we highlight in figures throughout this paper. In each experi-
ment round, multiple VMs were randomly assigned scenarios
and executed concurrently to capture contention, preemption
behavior, and end-to-end latency under oversubscription.

5.1 Stand-Alone Classifier Evaluation

§4.1 uses the IOPS-to-utilization ratio from PMU counters
to choose short or long timer slices. We test this classifier on
PMU telemetry from 1,000 production VMs whose workload
type is known from the VM image. The two classes are well
separated: I/O-bound VMs have a median ratio of 840, while
CPU-bound VMs have a median ratio of 20, a 42× gap. We
set T = 100 between the two groups. This gives a 0.21%
overall misclassification rate: 0.07% of I/O-bound VMs are
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Figure 15: Normalized P99 latency of mwait-proxy across
ten workloads (FS, MS Get/Set, PT, RD Get/Set, SP, TC, ZK
Get/Set) at oversubscription ratios from 1:1 to 1:8. The y-axis
is capped at 3.5×; bars over the cap show their value as a
label. 1:4 is the burst tier’s typical production density and 1:6
its peak; 1:8 is included as a stress point beyond production.

classified as CPU-bound, and 0.36% of CPU-bound VMs
are classified as I/O-bound. The harmful error is the first one
because it can hurt tail latency; the second mainly wastes a few
timer ticks. The result is not sensitive to the exact threshold:
any T ∈ [50,150] keeps misclassification below 0.7%.

5.2 End-to-End Tail Latency
Mitigating Contention. Figure 14a shows the impact of
our mechanism on tail latency under different oversubscrip-
tion ratios. When contention is low (1:1 mapping), all con-
figurations behave similarly. As the oversubscription ratio
increases, however, mwait-sched scales more effectively. At
high oversubscription levels, it reduces the P99 latency of
latency-sensitive workloads such as ZooKeeper and Redis by
30–50% compared to the mwait-nop baseline. This improve-
ment aligns with the steal-time analysis in Figure 14b. Under
mwait-nop, vCPUs suffer severe starvation—steal time ex-
ceeds 90% for synchronization-heavy workloads—indicating
frequent lock-holder preemption. In contrast, mwait-sched
leverages the semantic gap to convert unproductive spin-wait
loops into cooperative yields, reducing steal time to below
60% and allowing critical sections to make forward progress
even under heavy interference.

Two outliers need explanation. First, mwait-passthrough
spikes for mysqlset at 1:1 because the pCPU enters deep C-
states between requests, and waking from them adds latency
to each MySQL write. Second, fdatasync stays high under
mwait-sched at every ratio because the timer can add up to
one slice of delay per fsync, and fdatasync issues many
fsyncs back-to-back.

5.3 mwait-Proxy
Figure 15 shows normalized P99 latency for ten representa-
tive workloads at oversubscription ratios 1:1, 1:2, 1:3, 1:4,
1:6, and 1:8. The 1:2–1:4 range covers the densities used
in production, with 1:4 the burst tier’s typical density and
1:6 its peak; 1:8 is a stress point beyond production. At 1:2
most workloads stay within ∼2.2× (FS 2.2×, MS 1.6×, PT

1.6×, SP 1.4×), and the synchronization-heavy ones (TC,
RD Get/Set, ZK Get) sit at 2.9–3.7×. At 1:4 the workloads
split further: CPU- and I/O-bound ones scale moderately (1.8–
3.4×), while synchronization-heavy ones reach TC 4.9×, RD
Set 6.4×, RD Get 7.0×, and ZK Get 8.2×. ZK Set, dominated
by write batching rather than per-request synchronization,
stays close to baseline (1.4–1.6×). The 5–8× inflation on
the synchronization-heavy group fits within the burst tier’s
variance budget, which is what makes mwait-proxy a viable
production scheme at this density.

Beyond 1:4 the proxy’s monitor-list traversal cost domi-
nates: each entry into the hypervisor scans a longer list, and
per-vCPU wake events compete for service. At 1:6 (burst
peak) RD Get/Set and ZK Get reach 10–12× and TC reaches
7.9×, while CPU- and I/O-bound jobs sit at 2–5×. At 1:8 the
worst cases land at 11–16× (TC 11×, RD Set 14×, RD Get
15×, ZK Get 16×), exposing the scaling limit of software
multi-address emulation and motivating the hardware-level
vectorized monitor support discussed in §6.

5.4 Production Rollout
Our production fleet has two instance classes with different
SLO requirements, and we pick mwait-sched vs. mwait-proxy
by class at deployment rather than auto-switching per VM.
Dedicated instances have strict latency SLOs and stay at ≤1:2
oversubscription, since putting more than two vCPUs on a
pCPU easily causes SLO violations at this tier; this fleet runs
mwait-sched, which is what we report below. Burst instances
tolerate higher latency variance and typically run at ∼1:4
(peaking at 1:6), where mwait-proxy handles the longer mon-
itor list. The numbers in this section therefore come from the
dedicated fleet under mwait-sched.

We selected three representative regions with distinct ma-
chine scales and baseline contention levels to evaluate the
cross-region effects of mwait-sched. Before deployment, the
frequency of high-contention steal events (steal ratio > 5%)
differed significantly across regions: Region B was under
the most pressure (around 95,000–100,000 steals per 10k
machines); Region A was moderate (rising from 45,000 to
65,000); and Region C was flatter (around 36,000–37,000).

As shown in Figure 16a, all three regions experience a sub-
stantial drop after the rollout of mwait-sched. Within about
ten days, Region B drops by ∼97% (from a ∼100,000 peak
to under 5,000), Region A by ∼85% (from a ∼65,000 peak
to under 10,000), and Region C by ∼86% (from ∼37,000
to ∼5,000). Despite their disparate starting points, the post-
deployment curves converge to a significantly lower and
tightly clustered band, indicating that mwait-sched consis-
tently suppresses oversubscription-induced contention across
heterogeneous environments.

Hot migration activity provides an independent validation
of this effect. When enough VMs exceed the 5% steal time
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Figure 16: Cross-region production signals before and after
mwait-sched rollout. (a) Steal events drop sharply and con-
verge to a consistently low band across heterogeneous regions.
(b) Hot migrations also decline immediately after deployment,
independently confirming that reduced contention improves
VM stability and mitigates scheduler-driven relocations.

threshold, the platform initiates VM hot migrations to avoid
SLO violations. As shown in Figure 16b, all three regions
exhibit a clear decline in daily hot migrations immediately
following deployment. Since hot migrations are triggered
primarily by severe CPU contention and imbalance, their
consistent decline corroborates the steal-ratio reductions and
highlights the improved runtime stability brought by mwait-
sched.

Figure 17 shows the global effects of deploying mwait-
sched across multiple production regions covering 3.2M
physical CPU cores. After rollout, the oversubscription ratio
increased from 1.0% to 20.3%, effectively adding roughly
600,000 vCPUs of sellable capacity. Despite this substan-
tial increase in utilization, system reliability improved: the
normalized daily alarm rate dropped from 512 to 197 per
10k machines across regions. These results demonstrate that
precise idle-state handling allows the platform to safely op-
erate at much higher density while simultaneously reducing
QoS-related incidents at hyperscale.
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Figure 17: Global deployment impact of mwait-sched across
multiple regions covering 3.2M physical CPU cores. The roll-
out increased oversubscription ratio (1.0%→20.3%) while
reducing daily alarms (512→197 per 10k machines), demon-
strating higher utilization without compromising stability.
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Figure 18: Conceptual design of a vectorized vmonitor in-
struction. Software supplies a SIMD-packed list of addresses,
which hardware loads into a Monitor Vector Register (MVR)
and checks in parallel against coherence-bus writes.

6 Recommendations for Future Hardware

Based on our experience deploying mwait at scale in virtual-
ized clusters, we believe future ISAs (including x86, Arm, and
RISC-V) should treat idle instructions not merely as power-
management hints, but as first-class scheduling primitives.
Below we outline several directions for hardware designers;
these proposals are conceptual and intended to guide future
architectural support rather than describe implemented mech-
anisms.

Multi-address monitoring. Current monitor/mwait in-
structions bind a thread to a single watched location, yet
virtualized workloads often need to observe the quiescent
state of many vCPUs simultaneously (e.g., runnable flags or
per-thread wake tokens). We recommend exploring vectorized
forms of the instruction that accept a small array of virtual
addresses and a validity mask, allowing software to arm or
update a set of watchpoints with a single operation.

Conceptually, such an extension could take the form of
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a new vmonitor interface (Figure 18) in which software
supplies a vector of addresses using SIMD registers. Hard-
ware would load these addresses into a Monitor Vector Reg-
ister (MVR) and compare coherence-bus writes against all
entries in parallel, triggering an interrupt whenever any moni-
tored location changes. This generalizes mwait from a single-
address primitive into a hardware-level multi-way event mon-
itor—akin to providing select/epoll semantics within the
CPU. While we do not implement this design, it illustrates
a promising direction for reducing polling overhead, elim-
inating unnecessary context switches, and enabling a host
thread to efficiently wait on many vCPU idle signals. Such
support would make multi-address mwait semantics practi-
cal for virtualization and allow denser vCPU aggregation in
oversubscribed cloud deployments.

Virtualization-aware semantics. Future ISAs should also
define how idle instructions interact with hypervisors explic-
itly: which state transitions are visible to the guest, which
are owned by the host, and which events must be delivered
as exits. A “virtualizable wait” variant, for example, could
guarantee that entering the wait state always notifies the hy-
pervisor, while wakeups may be signaled either through a
watched-memory write or via a host-injected event. Clear
semantics of this kind would enable safe pCPU sharing while
still providing the low exit latencies expected by modern
guests.

7 Related Work

7.1 Idle in Virtualization
Idle instructions are a fundamental but often overlooked com-
ponent of virtualized execution. Prior measurements show
that idleness can dominate context-switch overhead: Liu et
al. [28] observe that idle periods account for up to 66.7% of
context-switch costs in GaaS (GPU as a Service) clouds, and
similar effects appear in nested virtualization where idle loops
amplify VM–VMM interaction overheads [25]. Most existing
work identifies VM idleness via VM introspection [10,11,41],
inferring quiescence by sampling guest states or events, but
such approaches are infeasible at hyperscale due to overhead,
isolation concerns, and operational complexity. To our knowl-
edge, mwait-sched is the first production-scale system that di-
rectly leverages hardware idle instructions as a scheduling sig-
nal, avoiding introspection while enabling sub-microsecond
reactivity.

7.2 Oversubscription Optimization
A large body of work aims to improve vCPU colocation un-
der oversubscription [5, 37, 44, 48, 53, 54]. Hardware-assisted
techniques isolate interference through cache partitioning
or memory-bandwidth control [29], and in-hardware request

schedulers prioritize latency-critical VMs [7, 39, 43, 49].
Coordination-based designs further reduce double schedul-
ing (e.g., UFO [33]) or exploit fine-grained time windows to
identify transient opportunities for packing (e.g., SmartHar-
vest [48]). A separate line of work targets high CPU efficiency
for latency-sensitive workloads through user-space schedul-
ing and core reallocation, most notably Shenango [30]. These
designs deliver impressive efficiency on dedicated workloads
but require application-level integration with their runtime,
which is incompatible with our public-cloud setting where
guests run unmodified images. However, two limitations per-
sist in public clouds: QoS signals are generally unavailable,
and even nominally idle VMs can introduce interference be-
cause the hypervisor cannot estimate the stability of idle peri-
ods. mwait-sched addresses both challenges by exploiting the
semantics of idle instructions: the guest-generated idle signal
reveals short-term quiescence without application-level hints,
allowing the hypervisor to dynamically adjust colocation de-
cisions. By aggregating vCPUs with stable idle patterns and
separating those exhibiting only transient waits, mwait-sched
achieves a practical balance between reducing exit latency
and improving CPU utilization.

8 Conclusion

mwait-passthrough provides low wake-up latency, but hides
idle vCPUs from the host scheduler and prevents safe pCPU
sharing. mwait-sched restores this visibility through timer-
based emulation and idle-interval classification, while mwait-
proxy supports denser colocation. This lets idle vCPUs yield
their cores while preserving the low-latency behavior needed
by guests. Across nine workloads, mwait-sched reduces P99
latency by 30–50% and steal ratio by 30–40%. Its deployment
across ∼ 3.2M pCPUs reduced high-contention steal events
by over 80% and raised the oversubscription ratio from 1.0%
to 20.3%.
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