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Abstract

SmartNICs are increasingly deployed in datacenters to of-
fload tasks from server CPUs, improving the efficiency and
flexibility of datacenter security, networking and storage.
Optimizing cloud server efficiency in this way is critically
important to ensure that virtually all server resources are
available to paying customers. Userspace system software,
specifically, decision-making tasks performed by various op-
erating system subsystems, is particularly well suited for
execution on mid-tier SmartNIC ARM cores. To this end, we
introduce Wave, a framework for offloading userspace sys-
tem software to processes/agents running on the SmartNIC.
Wave uses Linux userspace systems to better align system
functionality with SmartNIC capabilities. It also introduces
a new host-SmartNIC communication API that enables of-
floading of even us-scale system software. To evaluate Wave,
we offloaded preexisting userspace system software includ-
ing kernel thread scheduling, memory management, and an
RPC stack to SmartNIC ARM cores, which showed a per-
formance degradation of 1.1%-7.4% in an apples-to-apples
comparison with on-host implementations. Wave recovered
host resources consumed by on-host system software for
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memory management (saving 16 host cores), RPCs (saving
8 host cores), and virtual machines (an 11.2% performance
improvement). Wave highlights the potential for rethinking
system software placement in modern datacenters, unlock-
ing new opportunities for efficiency and scalability.
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1 Introduction

Cloud providers continuously optimize server efficiency to
ensure that virtually all server resources are available to pay-
ing customers. They do this by offloading virtualization and
network stacks to accelerators on SmartNICs and other spe-
cialized offload devices, such as the AWS Nitro [1], NVIDIA
BlueField [2], Fungible DPU [3], AMD Pensando DPU [4],
and Intel Mount Evans [5]. For example, AWS offloads virtu-
alized I/O and cloud security to their Nitro device to improve
host utilization and reduce jitter. Recent work [6-12] offloads
the host operating system network data plane, freeing host
compute resources and enabling acceleration.
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Although some of these benefits could be realized with
additional on-host compute, cloud providers deploy Smart-
NICs in many new datacenter machines because they offer
the simplest and cheapest way to provide a uniform security
and management view across machines regardless of vendor,
architecture type, and maturity/availability of software [13].
Cloud providers also have tighter control over SmartNIC
design than host architecture. They purchase large volumes
of network hardware, so they work closely with hardware
vendors to expedite decision-making [14] about accelerator
logic, memory size, core count, and more. In contrast, host
CPU architectures are often designed by external vendors
for a wide range of cases and customers, so cloud providers
cannot tailor these architectures to their specific needs.

Beyond acceleration, cloud providers also deploy mid-
tier ARM cores inside SmartNICs, such as 16 ARM cores in
Intel Mount Evans [5]. Although networking and storage
tasks for virtual machines are being successfully offloaded to
SmartNIC accelerators and datapaths, the systems commu-
nity is still exploring ways to fully utilize these mid-tier ARM
cores [10, 15-18]. Offloaded applications suffer from the low
compute performance of ARM cores and high host-SmartNIC
communication latency, occasionally experiencing worse
end-to-end performance even with the additional SmartNIC
resources [18]. Additionally, the complexity [19-21] involved
in offloading applications across PCle likely makes it im-
practical on a datacenter-wide basis, and, crucially, security
concerns prevent many potential uses: providers typically re-
strict these ARM cores from running arbitrary code [22, 23].

Userspace system software is particularly well-suited for
execution on SmartNIC ARM cores. This software consists
of the decision-making tasks performed by various subsys-
tems—such as choosing the next thread to schedule or deter-
mining the physical memory frame to allocate for a virtual
page. Because system software is deployed uniformly across
all datacenter machines, the effort required to offload it is in-
vested only once, subsequently providing consistent benefits
across the entire infrastructure. Moreover, significant ex-
isting work on microkernels [24-41], multikernels [42-50],
exokernels [51], and Linux userspace subsystems [52-71]
has already established the necessary separation of such sys-
tems, simplifying this transition. ARM cores align naturally
with this decision-making since decisions typically involve
straightforward heuristics, offering a good balance between
power efficiency and computational demand. Finally, because
cloud providers maintain full control over the host system
software, this software is inherently trusted to operate within
privileged execution environments on SmartNICs.

The main challenge in offloading system software is over-
coming the high PCle interconnect latency in a manner that
works for a wide range of software with different require-
ments. Thread scheduling and RPC stacks require sub-us
communication [62, 72] as cores remain idle until policy
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decisions are enforced; memory management requires high-
throughput communication to move an entire address space
of page table entries from the host to the SmartNIC and a de-
cision for each migrated page back to the host. PCle presents
a distinct challenge because microkernels, some multiker-
nels, and Linux userspace subsystems like ghOSt [62] and
Snap [58] target coherent CPUs. Even those adapted for
non-coherent CPUs [44-49] benefit from the much lower
latencies of the on-chip CPU interconnect. The higher PCle
latency arises from packet-based protocols, flow control,
bridge logic, and lower clock rates compared to internal CPU
interconnects. Previous approaches, such as Floem [21] and
iPipe [73], optimize primarily for throughput using DMA-
based queues, which do not satisfy the strict latency and
reliability guarantees essential for system software.

We introduce Wave, a framework for offloading system
software to the SmartNIC, and use Wave to offload three
preexisting system software components. Wave provides a
general mechanism for host-SmartNIC communication that
enables offloading of even us-scale system software.

Our first key insight is that offloading system software
to a SmartNIC requires the same APl and guarantees that
ghOSt [62] provides for running system software in userspace.
The ghOSt API supports atomic commits of policy decisions
made by userspace software. This strong guarantee becomes
even more essential when the userspace system software
that makes decisions operates across a high-latency PCle in-
terconnect. Wave implements this API with a unidirectional
queue for sending messages from the host to the SmartNIC
and another unidirectional queue for sending decisions back.

Our next key insight is that different system software pat-
terns must use different memory mechanisms that provide
different performance guarantees. Wave leverages DMA for
high-throughput transfers, which is required by memory
management, and MMIO for low-latency communication,
which is needed by the thread scheduler and the RPC stack.
Even with MMIO, Wave uses different types of page table
entries (write-combining and write-through) for different
data types. It uses write-combining entries to further reduce
the latency of the host-to-NIC queue with a batching opti-
mization and write-through entries to hide the latency of the
NIC-to-host queue with prefetching and caching optimiza-
tions. Wave also precomputes and prestages decisions to
hide the remaining host-SmartNIC communication latency.

As in ghOSt, Wave implements system software in
userspace agents running on the SmartNIC across the PCle
interconnect. We prototype Wave on Intel Mount Evans [5]
and demonstrate practical offload of preexisting system
software, including kernel thread scheduling, memory
management, and an RPC stack.

We show that Wave communication/notification mecha-
nisms are sufficiently fast (426ns for an agent on the Smart-
NIC to write a thread scheduling decision and send an in-
terrupt) to make it practical to offload system software to
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SmartNIC ARM cores. We further show that Wave’s opti-
mizations are essential to hiding the PCle latency, improving
the RocksDB [74] key-value store throughput by ~350% com-
pared to an offloaded system with no optimizations. These op-
timizations make offload practical, with a small performance
degradation of 1.1-7.4% compared to an on-host implementa-
tion. Finally, we show that Wave enables practical offload of
compute-heavy software, such as machine-learning-based
memory management software, which reduces RocksDB’s
memory footprint by 79%. This compute-heavy software can
now leverage SmartNIC compute, saving 16 host cores. We
also use Wave to offload an RPC stack, freeing 8 host cores,
and reduce interference with virtual machines, improving
their turbo performance by 11.2%.
In summary, our key contributions include:

o Transparently offloading three preexisting userspace
system software components with full compatibility
with the Linux kernel and unmodified applications.

e Building a host-SmartNIC communication API that
uses diverse mechanisms to manage the PCle latency
gap and enable ps-scale offloaded system software.

o Providing apples-to-apples comparisons of offloaded
vs. on-host system software components that show
small offload performance degradation of 1.1-7.4%.

e Saving host resources with offload, e.g., recovering 16
host cores from memory management and 8 from RPC.

2 Offloading System Software
2.1 SmartNICs and IPU Background

SmartNIC Capabilities. SmartNICs are PCle cards featur-
ing a System-on-Chip (SoC), which consists of a network
interface card, compute capabilities in the form of ARM
CPUs or programmable P4 pipelines, and hardware accel-
erators for compression, encryption, RDMA, NVMe virtu-
alization, NVMe-over-fabrics, hardware clock synchroniza-
tion, etc. [1, 2, 5]. The interface between the host and cur-
rently available SmartNICs is limited to memory-mapped
IO (MMIO), direct memory access (DMA), and interrupts.
The host can access the SoC’s DRAM via MMIO operations,
which are synchronous memory operations over the PCle
interface that take on the order of 1us. DMA allows the
SmartNIC to place data in the host memory without involv-
ing the host CPU, and vice versa. Finally, the SmartNIC can
send MSI-X signals (interrupts) to host cores. We analyze
the overheads of these operations in our setup in §7.1.
Offloads. Recent work offloads infrastructure functional-
ity to SmartNIC accelerators to leverage their computational
power, turning SmartNICs into the Infrastructure Processing
Units (IPUs) of the datacenter. The AWS Nitro [1] acceler-
ates virtual machine control planes and data planes. Accel-
Net [10], Dagger [6], FlexTOE [7], 1RMA [8], and eRSS [9]
offload a host OS network stack data plane to the SmartNIC.
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However, significant barriers prevent utilization of Smart-
NIC ARM CPUs. Prior work [10, 15-17] identifies the weak
performance of the general-purpose ARM cores relative to
the host as a significant obstacle to offload. Floem [21] and
Mind the Gap [18] demonstrate that host-SmartNIC com-
munication via the slow PCle interconnect further degrades
end-to-end workload performance-in some cases perform-
ing worse than with no offload at all-and propose optimiza-
tions. Beyond this, offloading workloads piecemeal is not
a cohesive vision for the entire datacenter since individual
workloads often run on only a subset of the machines.

2.2 Why System Software?

System software is a natural choice for offloading to the
SmartNIC ARM cores. It requires general-purpose compute
to support a wide range of workloads and hardware, with
flexibility being paramount. It parallelizes easily with abstrac-
tions that can be shared or pipelined across several cores,
such as address spaces in a memory manager and NUMA
domains (e.g., chiplets and sockets) in a thread scheduler.
System software reduces its interference with on-host work-
loads by running on the SmartNIC and leverages the unique
network insight that a SmartNIC provides to optimize the
entire machine. Because every server in the fleet runs system
software, each can offload its system software to a SmartNIC,
ensuring that any offload benefits apply universally.

2.3 How Is Split OS Decision-Making Accomplished?

Offloading system software to the SmartNIC requires the
decision-making logic to be separated from the host kernel.
Fortunately, a wealth of prior work has already established
or leveraged such separation, moving OS decision-making
to separate userspace processes, so much of the required
structure is already in place. Microkernels [24-41], multiker-
nels [42-50], exokernels [51], and userspace resource man-
agement systems [52-71] all illustrate that OS functionality
can be effectively split out to run in userspace provided there
are robust and efficient mechanisms to communicate with
the kernel. Even Linux, a monolithic kernel, includes partial
decoupling of certain services—enabling, for example, user-
level drivers and specialized control planes—so additional
invasive changes are not necessary.

Microkernels. Microkernels [24-41] offload OS services
from the kernel to userspace processes, keeping only minimal
functionality inside the kernel. Significantly, they empha-
size optimized inter-process communication mechanisms
since slow IPC in the OS-userspace critical path has tradi-
tionally been the drawback of these systems. Several major
proposals have led to order of magnitude performance im-
provements [24, 26], including asynchronous communica-
tion; message-passing with a single copy operation; sending
a batch of several messages; and passing messages to "port-
like" IPC endpoint handlers rather than directly to threads.
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Multikernels. Multikernels [42-50] like Barrelfish [42-
49] propose a new OS design to work across CPUs with many
cores, varying cache coherence protocols (or none at all),
memory hierarchies, architectures, performance characteris-
tics, and I/O configurations. Multikernels particularly aim to
perform well on machines with large numbers of cores and
so place one OS image on each core, with each core operating
independently. Cores do not share memory with each other
to limit coherence traffic and improve scalability. They com-
municate by passing messages via highly optimized channels,
using techniques such as batching, pipelining, asynchrony,
and cache-line alignment, taking care to avoid TLB flushes
and cache pollution. Barrelfish is implemented on both cache-
coherent [42, 43] and non-coherent machines [44-49].

Exokernel. Exokernel [51] exports hardware resources
to untrusted userspace applications. Applications implement
their own OS services to improve performance. While Ex-
okernel proposes optimizations like asynchronous IPC that
Wave can exploit, its focus is largely orthogonal to ours.

Userspace Resource Management. Recent userspace
resource management systems bypass the kernel and its
associated overheads and scaling constraints, instead im-
plementing their own custom control and data planes in
userspace [52-71]. Workloads running on these systems per-
form significantly better than on vanilla Linux, e.g., 3.6x
better throughput and a 2x latency reduction in IX [52].
However, they sacrifice compatibility and require developers
to re-architect and port their applications.

As a middle ground, a recent trend offloads to userspace
only the control plane of specific subsystems and keeps
the data plane in the kernel. This approach maintains com-
patibility and does not sacrifice performance, while letting
users easily specialize and fine-tune policies to their needs.
ghOSt [62] and Syrup [63] offload the kernel thread schedul-
ing control plane to userspace. They make it easy to imple-
ment custom policies and offer benefits such as rebootless up-
grades, fault isolation, and state encapsulation. CCP [64] pro-
poses offloading the congestion control plane to a userspace
agent to accelerate experimentation. userfaultfd [65] offloads
the page fault handler to userspace applications, which is
used to support live migration of virtual machines [75], while
PageFlex [76] offloads only the reclamation policy. Userspace
tools also have access to interfaces for scanning access and
dirty page table bits, which can be used by memory pol-
icy decisions [71]. FUSE [66], which lets a userspace appli-
cation expose a file system to the Linux kernel, has been
used to implement over 100 filesystems [67]. UIO [68], Ap-
ple DriverKit [69], UMDF [70] and the VFIO driver frame-
work [77] support userspace drivers.

Each system has its own ad hoc scheme for kernel-
userspace state sharing and synchronization to prevent
time-of-check to time-of-use bugs. State includes network
streams, thread runnability, and page table entries. ghOSt
uses queues and message barriers and userfaultfd uses file
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descriptors with blocking syscalls. All communicate over
coherent shared memory, so they can use a single queue
API, though their performance would degrade over PCle.

2.4 Why offload to a SmartNIC rather than deploy a
heterogeneous host CPU architecture?

Moving system software onto a SmartNIC might appear
counterintuitive given the existence of heterogeneous archi-
tectures with efficiency cores, such as ARM big.LITTLE [78]
and Apple M-series efficiency cores [79]. Some software,
such as thread scheduling, consumes ~5% of host cycles [80],
so why not dedicate 5 host efficiency cores out of 100+ to
the software? One could imagine assigning userspace sys-
tem software like the Shinjuku scheduler [53] or the ghOSt
global agent [62] to dedicated efficiency cores, leaving high-
performance cores exclusively for application workloads.

However, this approach is impractical because heteroge-
neous CPU architectures are not widely available in datacen-
ters. Conversely, SmartNICs are deployed in many new data-
center machines since they offer a simple, cost-effective way
to provide uniform security and management across diverse
hardware from different vendors, architectures, and software
maturities. The SmartNIC thus provides a consistent, univer-
sal platform for offloading system software, making it the log-
ical and strategic choice. Additionally, since cloud providers
control the design of SmartNICs [81], specialized accelerators
tailored to their workloads can be integrated directly into
the SmartNIC SoC. This enables tighter hardware-software
co-design between /O operations and system software. Fur-
thermore, since all I/O events pass through SmartNICs in
cloud deployments, leveraging this architecture for system
software is both natural and advantageous.

3 Wave Design

Wave is a framework for offloading userspace system soft-
ware to processes/agents running on the SmartNIC. The
in-kernel mechanisms that such software relies on remain
on the host, which invokes the SmartNIC software over PCle.

3.1 Wave Overview

Figure 1 shows the high-level Wave design. Wave imple-
ments a shared memory queue abstraction backed by a choice
of MMIO or DMA over the PCle interconnect. The host ker-
nel uses the queue to send the required state to the Wave
agents, which run the software to make resource allocation
decisions. Each agent can run a single system software com-
ponent or combine software if beneficial. One such example
is combining the RPC stack and thread scheduling in §7.3.
The agents send their decisions back to the host kernel via a
transaction-based API backed by another queue. The host
kernel then enforces the decisions. Wave enables existing
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Figure 1. High-level Wave design.

agent implementations, such as ghOSt agents [62], mem-
ory managers [65], and network agents [58], to run on the
SmartNIC and enforce decisions on the host.

We now explain how Wave makes decisions using thread
scheduling as an example. Figure 2 shows the lifetime of a
Wave scheduling decision. A global polling agent model is
used, though Wave scales to multiple agents [62].

©® When Thread A triggers an event (e.g., blocking on a
futex, allocating a virtual memory region, etc.) on host CPU
core 0, the host sends a message to the agent on the SmartNIC.
® The message is added to a message queue, which is backed
by the SmartNIC DRAM and accessible via the Wave shared
memory abstraction. ® The agent, which runs in userspace
on the SmartNIC CPU, polls for messages from the queue.
Wave system software polls because decisions such as thread
scheduling require low latency. Upon reading the message,
the agent runs the system software to determine how to
allocate resources for that subsystem. @ The agent writes
its decision to the decision queue in SmartNIC memory. &
The agent sends an interrupt (MSI-X) to core 0 on the host
to trigger a preemption. ® In the interrupt handler, the host
kernel on core 0 reads the decision via the Wave shared
memory queue, commits it atomically with a transaction,
and enforces it, e.g., by context switching to thread B.

Compared with existing solutions that offload system soft-
ware to userspace [24-49, 51-71], Wave must also achieve
competitive performance while moving the high-latency
PCle interconnect directly into the decision-making fast path.
We describe how we achieve this in §5.

3.2 Wave API

Wave provides the API in Table 1 for host-SmartNIC commu-
nication. The host uses the API to notify SmartNIC agents of
state updates via messages and handle decision transactions.
The SmartNIC configures queues with the host, reads host
messages via polling, and sends decisions, issuing an MSI-X
vector to kick the host, as needed. Similar to ghOSt [62],
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Wave Shared API Calls (both the host and SmartNIC can call these)

START_WAVE_AGENT ()
KILL_WAVE_AGENT()

‘Wave Host API l Wave SmartNIC API

Queues

CREATE_QUEUE ()
DESTROY_QUEUE ()
ASSOC_QUEUE_WITH(agent, host core)

SET_QUEUE_TYPE(mmio/dma async/dma sync)

Messages

SEND_MESSAGES(q = queue) | POLL_MESSAGES(q)

Transactions

PREFETCH_TXNS(q) (§5.4)
POLL_TXNS(q)

TXN_CREATE(q)
TXNS_COMMIT(q, send/skip msi-x)

Transaction Outcomes

SET_TXNS_OUTCOMES (q) [ POLL_TXNS_OUTCOMES (q)

Custom System Software APIs Can Be Included (As Applicable)

Table 1. Key Wave API functions. We include certain param-
eters when they are not intuitive, but omit them otherwise
to save space. Multiple messages and transactions can be
batched, which is why some API function names are plural.

these decisions are committed atomically in the host kernel
using transactions. For example, if an agent attempts to up-
date page table entries for an application that simultaneously
exits, the transaction will cleanly fail without corrupting host
kernel state. The Wave API is general, facilitates batching,
and supports a wide range of system software, as described
in §4. Furthermore, Wave permits each system software com-
ponent to implement private extensions to the APL e.g., a
memory manager reads access bits from host page table
entries, and a file system queries for attached devices.

Communication. Wave uses the lessons learned from
prior work (§2) to implement low-latency communication
across PCle, which is essential for achieving performance
competitive with that of on-host system software (§7.2).
Queues are backed by DMA or MMIO, and DMA queues
can operate synchronously or asynchronously. Multiple mes-
sages and transactions can be batched.

3.3 Security

Agents are isolated in userspace on the SmartNIC CPU,
which restricts their ability to access memory and send MSI-
X’s. They are further isolated logically, i.e., they cannot read
messages or stage decisions for resources they do not manage.
Each system software component has an on-host watchdog
that kills its agent(s) when it detects they are malfunctioning.
For example, the thread scheduler (§4) watchdog terminates
an agent that has not made a decision for >20 ms.

4 Offloading System Software with Wave

We offload three preexisting pieces of system software with
Wave on Linux: thread scheduling [62], memory manage-
ment [82], and an RPC stack [83, 84].
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Core 0 Thread A /// another thread runs or idle // IRQ Handler I Thread B
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MMIO Message Queue gemsmn Policy Decision /|| | [ (No Decision Right Now) |
ueues

Spinning Wave Agent

System Software Decisions

SmartNIC Userspace

Figure 2. Wave schedules host cores across the PCle interconnect.

4.1 Kernel Thread Scheduling

The thread scheduler places runnable threads onto idle cores
and maintains the scheduling policy’s run queues and data
structures. Application threads operate on timescales rang-
ing from several us to seconds, though schedulers must be
responsive on the ps-scale to ensure critical threads, such
as network RX, receive CPU time. Policies include CFS [85],
Caladan [57], Shinjuku [53], and others [54, 59, 86, 87].

To schedule threads, Wave offloads policies built with
ghOSt [62], a general scheduling class in Linux that runs
arbitrary policies in userspace agents. The agents receive
thread state messages from the kernel (e.g., a thread blocked,
woke up, etc.), make scheduling decisions, and commit those
decisions to the kernel via a transaction API The kernel then
context switches to the scheduled threads. Communication
between the kernel and userspace occurs via shared memory.

As shown in Figure 2, we move the ghOSt agents to the
SmartNIC and keep the ghOSt kernel scheduling class on
the host. The communication patterns are the same as in
ghOSt, and to further improve latency, the SmartNIC agents
are always awake and polling for messages.

Communication. The offloaded thread scheduler uses
MMIO queues in both directions because scheduling deci-
sions must be made in <1us to avoid keeping host cores idle.
For example, a GET request for the RocksDB [74] key-value
store requires 4us of CPU time, so two 1us PCle transfers
to schedule a thread degrade throughput by 50%. Low PCle
throughput of ~13.5 KiB/s is required in both directions since
the decisions are compact and generated only on thread
events, such as when a thread blocks.

Implementation. The Wave thread scheduler
integrates ghOSt with the Wave API in §3.2, in-
cluding SEND_MESSAGES(), PREFETCH_TXNS()  (§5.4),
POLL_TXNS(), and SET_TXNS_OUTCOMES() on the host, and
POLL_MESSAGES(), TXN_CREATE(), TXNS_COMMIT(), and
POLL_TXNS_OUTCOMES() on the SmartNIC. To seamlessly
support existing ghOSt policies, we extend the Wave API
with ghOSt-specific APIs ("Custom APIs" in Table 1).

Optimizations. The Wave scheduler prestages (§5.4) one
decision per core so the host can prefetch them when a thread
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blocks or yields. The scheduler eagerly prestages decisions
when the run queue length is sufficiently deep (e.g., linear
in the number of cores), improving scheduling throughput
by 32% in §7.2.

4.2 Memory Management

The memory manager decides how to map virtual pages to
physical pages. This includes when responding to allocation
requests, swapping and compressing pages, and managing
page table entries. A memory manager’s data structures scale
linearly with the size of each process address space, requiring
significant memory. Policy algorithms, such as LRU, also
require significant compute, so policy designers resort to
approximations like the LRU CLOCK algorithm [88]. Other
policies include SOL [82], AIFM [89], and AutoNUMA [90].
Design and Implementation. We offload memory
management to the SmartNIC with Wave and keep the
in-kernel mechanism, such as page fault handlers, page table
entries, and TLB shootdowns, on the host. The host uses
SEND_MESSAGES() to send PTEs, which contain mappings
and dirty/access bits, to the SmartNIC. Wave agents make
page migration decisions and use TXN_CREATE() and
TXNS_COMMIT() to send updated mappings to the host.
Upon receipt of the updated mappings, the host uses the
madvise() syscall path in the kernel for migrations.
Communication. Transferring PTEs to the SmartNIC
and updated mappings back requires a high throughput of
1+ Gbps, so both queues use DMA. Recall that page fault
handlers and other fast-path mechanisms are kept on the
host. The memory manager itself operates out-of-band, so
policy overhead of hundreds of milliseconds is acceptable.
SOL Policy. Recent work proposes machine learning (ML)
policies to improve system efficiency across multiple met-
rics [91-95], including DRAM consumption [82]. ML requires
significant compute, so it is costly to deploy without an offload
framework like Wave. SOL [82] is a recently proposed ML-
based policy to classify hot (i.e., frequently accessed) memory
pages into a "fast tier" (local DRAM) and cold pages into a
"slow tier" (remote DRAM, non-volatile memory, or disk).



Wave: Offloading Resource Management
to SmartNIC Cores

At startup, the SOL policy groups consecutive pages into
batches for classification. The policy scans page access bits
and classifies batches using Thompson Sampling with a Beta
distribution prior [82, 96]. Each batch is scanned with a fre-
quency ranging from once every 300ms to 9.6s, and batches
are moved between memory tiers once per 38.4s epoch (i.e.,
4x the slowest scanning frequency). To reduce overhead, SOL
determines the optimal frequency to scan each batch’s access
bits as each scan requires (1) flushing the TLB and (2) policy
computation. SOL’s overhead is proportional to the address
space size and other policy parameters. We offload the SOL
policy with Wave and evaluate its performance in §7.4.

4.3 RPC Stack

Recent research [6, 7, 9-12, 18] and RDMA protocols [8, 97,
98] show clear value in offloading RPC stacks to SmartNICs.
RPC stacks process packets in a few ps [72] and require
significant compute for protocol processing, serialization,
compression, and security. They have a large memory foot-
print due to large packet payloads and stream state. Thus,
offload saves host resources and enables acceleration.

We use Wave to offload the Stubby RPC stack [83], similar
to gRPC [84], including both a software-based packet-to-
host-core steering policy and the data plane. The vanilla
on-host Stubby system uses hardware-based RSS [99] on
the NIC to steer packets to cores, the host Linux network
stack for TCP processing, and CFS for scheduling. After
vanilla Stubby processes an incoming RPC, it executes an
application-specified callback function to handle the request.
The application then executes an RPC callback to send an
RPC response, again relying on the host Linux network stack.

We now describe how we offload both the packet steering
policy and the data plane to the SmartNIC. As before, this
offloaded software is encapsulated in a SmartNIC agent.

Path of an RPC. An arriving RPC packet is steered to
the ARM cores on the SmartNIC. The SmartNIC uses its
own Linux network stack for TCP processing. The RPC is
then passed to the RPC agent, which determines which host
core to steer the RPC to. The agent enqueues the RPC in an
MMIO queue with TXN_CREATE() and sends it to the host
core with TXNS_COMMIT (). We specify that TXNS_COMMIT ()
(see Table 1) does not send an MSI-X because the host will
instead poll the queue to sustain high RPC throughput.

On the host, an RPC-enabled application links with
a stub RPC library to make offload transparent. The
application polls the request via POLL_TXNS(), handles
it, and writes the RPC response to an MMIO queue via
SET_TXNS_OUTCOMES(). The polling agent picks up the
response via POLL_TXNS_OUTCOMES() and sends it via the
SmartNIC Linux network stack.

MMIO for Communication. RPC stacks process RPCs
in a few ps [72] before handing them to the application. §7.3
uses small RPC payloads, so our RPC stack processes a mod-
erate throughput of 10s of MiB/s of RPCs. This combination
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of low latency and low throughput is what drove our deci-
sion to use MMIO for RPC host-SmartNIC communciation.
A hybrid approach of MMIO with DMA for large packet
payloads, proposed by prior work [100], or just DMA alone,
would be better for workloads with larger payloads.

Queue Configuration. The Wave agent steers RPCs to
specific host cores by stashing them in per-core SmartNIC-
to-host queues. There are also per-core host-to-SmartNIC
queues for host cores to transfer RPC responses to the agent.

Optimizations. Related policies and systems like Receive-
Side Scaling [99], IX [52], Shinjuku [53], Shenango [54],
Demikernel [60], and others [57, 84, 101] remove the RPC
stack policy from the host kernel. This gap between the ker-
nel and network workload causes load imbalance. The host
wastes resources by either over-allocating CPU resources to
handle traffic or dedicating host cores to making scheduling
decisions after the SmartNIC transfers traffic to host mem-
ory [53, 58]. In §7.3, we show the benefits of co-locating the
RPC stack with thread scheduling on the SmartNIC.

5 Closing the Host-SmartNIC Latency Gap

Offloading system software with Wave places the slow PCle
interconnect between the host and the SmartNIC agents. As
described in §4, each system software component has dis-
tinct communication requirements, covering a full spectrum
of latency and throughput needs. Fast communication over
PCle and efficient message-passing are extensively studied
by prior work and are well understood. Therefore, this sec-
tion first discusses key insights from this work and how
they influenced Wave’s communication design (§5.1). We
then explore the communication mechanisms we considered
(§5.2) before detailing our implementation of Wave’s host-
SmartNIC queues (§5.3). Wave re-uses the PCle DMA queue
implementation from Floem [21] and adds MMIO support.
For MMIO, we explain how using different page table en-
try types further reduces latency (§5.3). Finally, we discuss
how we hide the remaining latency to achieve fast system
software decision-making (§5.4).

5.1 Prior Work on Fast PCle Communication

Prior work [10, 15, 18, 21, 100, 102-105] demonstrates that
optimizing the slow PCle communication path is critical to
making offload practical. Without these optimizations, end-
to-end performance with offload is worse than not offloading
at all, even with the additional SmartNIC resources.
Neugebauer et al. [100] propose a theoretical PCle model
and testbench for evaluating PCle performance. They find
that PCle suffers from high latency (1000ns roundtrip) and
that PCle overheads degrade throughput by >20%. Optimiza-
tions are critical to improve performance, such as caching
with DDIO (~15% throughput and ~70ns latency improve-
ments), accounting for NUMA locality (10-20% throughput
difference), using hugepages to avoid IOMMU overhead (up
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to 70% throughput difference), descriptor batching, prefetch-
ing, disabling interrupts, and minimizing synchronization.
iPipe [73] uses two unidirectional queues for host-
SmartNIC communication and demonstrates a 2-7x speedup
when using asynchronous (i.e., non-blocking) DMA rather
than synchronous and up to 8.7x speedup when batching
transfers. iPipe also uses lazy queue head synchronization
to avoid PCle roundtrips. Floem [21] also implements
unidirectional queues with optimizations like asynchronous
synchronization (9-15x speedup), pruning unused packet
data (1.2-3.1x speedup), caching, batching, and hiding I/O.

Wave leverages the insights from this prior work and
builds on Floem’s queue implementation for fast host-
SmartNIC communication. DMA is best for high-throughput
transfer that is latency insensitive because several MMIO
accesses are required to initiate DMA. MMIO is best for low-
latency, low-throughput communication. Wave similarly
uses batching, caching, and prefetching; disables interrupts
under heavy load; avoids unnecessary synchronization to
reduce roundtrips; and accounts for NUMA locality.

OS Contexts. Microkernels [24-41], multikernels [42-
50], exokernels [51], and userspace resource management
systems [52-71] optimize kernel-userspace communication.
These systems typically employ message-passing over shared-
memory queues. Wave uses message-passing and leverages
their optimizations, including asynchronous communication,
limited copying, batching, and cache-line alignment.

5.2 Our SmartNIC’s Communication Mechanisms

Our SmartNIC supports DMA and MMIO over non-coherent
PCle.

Direct Memory Access (DMA). The SmartNIC has a
DMA engine that supports bidirectional memory transfer
between host DRAM and the SmartNIC SoC DRAM. When
the host CPU is the producer, entries are written to host
DRAM and DMA’d to the SmartNIC SoC DRAM. Conversely,
when the SmartNIC is the producer, the opposite occurs.

Memory-Mapped I/O (MMIO). Like most other Smart-
NICs, the SmartNIC that we use exposes an MMIO interface
to the host so that the host can read/write a subset of the
SmartNIC memory, which the SmartNIC cores otherwise
have fast, coherent access to via the SoC. The MMIO inter-
face is backed by a hardware function in the SmartNIC that
operates without CPU intervention. As shown in Table 2,
the direct CPU overhead of a 64-bit host MMIO write is ~50
ns and a read is ~750 ns. Writes have less CPU overhead
than reads because they are not acknowledged, while reads
must wait for the PCle roundtrip to complete before the read
values are available. The host can use the MMIO region to
access the SmartNIC DRAM, but the SmartNIC cores cannot
access host memory without DMA. The MMIO mechanism
throughput and latency are bounded by the hardware ca-
pabilities of the PCle interconnect and the SmartNIC. Even
so, the host MMIO overheads are not trivial and could still

271

Jack Tigar Humphries et al.

become bottlenecks for microsecond-scale workloads. We
reduce these overheads further in §5.3.1.

Coherent Interconnects. New coherent interconnects
such as CXL [106], UPI [107], and NVLink [108] provide a
shared coherent memory address space between the Smart-
NIC and host. Once such interconnects are widely used,
they will accelerate host MMIO accesses. SmartNIC SoC
memory will be cacheable on the host, so the host can hide
read latency by prefetching and reusing MMIO reads. MMIO
writes will also be faster since the host can store a batch of
writes in the host cache hierarchy and flush the batch to PCle.
However, DMA will remain preferred for high-throughput,
latency-insensitive workloads. MMIO with CXL requires
CPU coordination for memory transfer, while DMA offloads
this coordination to the DMA engine, freeing up CPU cy-
cles. And even though coherent interconnects improve low-
latency MMIO, the Wave optimizations in §5.3.1 and §5.4
remain necessary to make performant offload practical.

5.3 Host-SmartNIC Communication in Wave

Like microkernels and multikernels, Wave uses message-
passing over shared-memory queues for host-SmartNIC com-
munication. It re-uses the Floem [21] DMA unidirectional
queue and adds support for MMIO to achieve the best of both
worlds: low-latency and high-throughput communication.
We further optimize the MMIO queue to reduce latency.

DMA. The producer writes one or more entries to the
Floem queue and initiates a DMA transaction to send the en-
tries to the consumer. The producer can wait synchronously
until the transaction completes or it can check for comple-
tion asynchronously. Messages can be batched, and they are
written to the local NUMA node of the recipient. To ensure
the consumer does not read inconsistent entries while the
producer is still writing, the producer sets a flag in each entry
after it finishes writing the entry. If the consumer sees the
per-entry flag set, the entry is valid to read.

MMIO. Wave MMIO message queues are identical to
Floem DMA queues, with the same data layout and flag
synchronization scheme. As only the SmartNIC exposes its
DRAM via MMIO, the queues are always backed by Smart-
NIC DRAM, regardless of which side is the producer or con-
sumer. Thus, the host accesses these queues via MMIO while
the SmartNIC agents access them via local, coherent mem-
ory. MMIO queues also leverage optimizations like batching
(§5.3.1), caching (§5.3.2) and prefetching (§5.4).

5.3.1 Reducing MMIO Latency. MMIO is in the critical
path of system software that requires very low (<1 ps) la-
tency, such as thread scheduling (Figure 4) and an RPC stack
(Figure 6). Host MMIO reads, in particular, are very expen-
sive (750ns) due to the PCle roundtrip. To further reduce
MMIO overheads, Wave leverages the caching and prefetch-
ing optimizations proposed by prior work. To do so, it is
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Figure 3. Wave improves performance by using caches and
multiple page table entry types.

important to set page table entry (PTE) types to cache MMIO
contents. Figure 3 shows how Wave sets PTE types and uses
caches. Wave uses these PTE types:

Write-Back (WB). The CPU caches and implements co-
herence for this type of memory (e.g., local DRAM). This is
the default mapping for userspace memory.

Write-Combining (WC). The CPU does not cache reads
or implement coherence, instead loading directly from mem-
ory. Stores go to a write-combining buffer, so they complete
much faster than going to memory. The buffer drains to
memory periodically and is flushed explicitly with sfence.

Write-Through (WT). The CPU stores directly to mem-
ory. However, loads are cached, so subsequent loads from
the same cache lines are fast.

SmartNIC CPU PTEs. MMIO queues are backed by Smart-
NIC DRAM. The agents have local, coherent access to this
memory, which is mapped into their address space with WB.

Host CPU PTEs. There is non-coherent PCle between the
host CPU and SmartNIC memory, so the host cannot map
the MMIO region with WB. However, the host can improve
write performance with WC instead of having no caching
at all (i.e., uncacheable PTEs). The host can now enqueue a
message batch before the write-combining buffer is flushed.

5.3.2 Caching MMIO Content. A 64-bit host MMIO read
takes ~750 ns, so it is expensive for the host to read deci-
sions, especially those that span multiple words. To reduce
overhead, we mark the MMIO queues as WT. On each 64-bit
read to an MMIO address, the host CPU transfers the entire
64-byte cache line into its cache, with the same ~750 ns over-
head. Subsequent reads to the same cache line hit the cache,
making it cheap to read a batch of decisions.

With this approach, however, stale decisions linger in
the host CPU cache, so Wave implements a software-based
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coherence protocol. When an agent stashes a new decision,
the host flushes the stale data from the host CPU cache with
clflush. For example, the host flushes upon receiving an
MSI-X from the SmartNIC as it knows a new decision is
available, so the currently cached decision is stale.

5.3.3 Conclusion. Writing messages is cheap with WC.
Reading decisions is cheap with WT as read overhead is
amortized across a cache line and subsequent reads hit the
cache. We next hide the remaining read latency entirely.

5.4 Hiding the Remaining Latency

Despite our optimizations, systems offloaded with Wave still
place PCle in the critical path, which causes higher decision
latency than on-host solutions. Wave lets these systems hide
the remaining latency through prestaging and prefetching.
Prestaging Decisions. When the host requires a decision
(Figure 2), it experiences a long wait of several us before the
SmartNIC agent receives a message and sends a decision
back. During this wait, the host CPU cannot execute the
workload, leading to low host utilization. A Wave agent can
make decisions ahead of time-before the host requests a
decision—and prestage those decisions in SmartNIC DRAM.
When the host requires a decision, the host immediately
checks the MMIO region for a decision and acts on it if
present. The Wave agent is not invoked on the critical path,
significantly reducing decision latency. This approach leads
to a substantial improvement in workload performance (32%
in §7.2) and decouples host utilization from decision latency.
When is prestaging possible? Prestaging is possible when
the agent can make decisions before asked. A memory man-
agement agent can detect a strided host access, preallocate
physical frames that will soon be needed, and then prestage
new page table entries. A thread scheduler with a deep run
queue can prestage a runnable thread on each core.
Prefetching MMIO Decisions from the Agent. When
the host needs a decision, it updates kernel state and sends a
message to the Wave agent on the SmartNIC; it then reads a
prestaged decision. The decision queue MMIO is marked as
WT, which supports prefetching. Rather than issue a block-
ing load for the prestaged decision right when the decision
is needed, the host can now issue a memory prefetch for
the decision before updating the kernel state and sending
a message. This work takes about 1us, which is sufficient
to completely hide the MMIO read latency, so the subse-
quent host load for the decision will hit the host cache. Thus,
when decisions are prestaged, prefetching a decision reduces
the cost of MMIO reads to zero. §7.2 shows that with these
optimizations, Wave closes the host-SmartNIC latency gap.

6 Lessons Learned from Wave Agents

We now summarize lessons learned from our experience
offloading preexisting userspace system software with Wave.



ASPLOS 25, March 30-April 3, 2025, Rotterdam, Netherlands

Minimize or Hide PCIe Overheads. The PCle intercon-
nect is in the host-SmartNIC critical path. System software
must account for PCle overheads to remain performant, akin
to how an OS must consider cross-NUMA transfers in a
multi-socket machine. It should leverage insights from prior
work on fast communication between OS contexts and across
PCle. These insights include choosing the right transport
mechanism (setting DMA or MMIO via SET_QUEUE_TYPE()),
minimizing state sharing [21], batching (e.g., multiple txns
in TXNS_COMMIT()), asynchronous communication, caching,
prefetching (PREFETCH_TXNS()), and NUMA locality.

Keep Agents Modular. Management, engineering, and
debugging complexity is reduced when agents encapsulate
policy state as they seamlessly operate across SmartNICs and
operating systems, and in host userspace when a SmartNIC
is unavailable. It is also easier to experiment with different
system software components and offload techniques [21].

Keep Fault Recovery Simple. An agent may crash or be
killed in preparation for an upgrade. An operator may wish
to restart the agent or fall back to vanilla on-host system
software. In both cases, recovery is easier when the host
kernel is the source of truth for non-policy state, such as page
table entries for a memory manager or thread TIDs for a
scheduler. Both a restarted agent and vanilla on-host system
software pull this information upon launch and continue run-
ning. Complicated checkpointing or state recovery increase
complexity and create bugs that may require a machine reset.

Focus on Host Partitions and Agent Scalability. Data-
center machines have hundreds of CPU cores, accelerators,
TiBs of DRAM and flash, and 100+ Gbps NIC bandwidths.
Multiple applications/tenants share these resources but want
different policies. Developers should partition host resources
into logical units, each with their own agent and policy,
following the proven approach of ghOSt enclaves. The sched-
uling agent in §7.2 operates per CCX and the memory agent
in §7.4 manages a single address space. Developers should
also parallelize an agent with threads. Each memory agent
thread in §7.4 manages an address space chunk.

7 Evaluation

Wave is implemented on the 4.15 Linux kernel on the host
and the 5.10 kernel on the SmartNIC.! We use the Intel Mount
Evans SmartNIC [5], which has an ARM Neoverse N1 [109]
CPU @ 3.0 GHz with 16 physical cores and a network func-
tion with 200Gbps of throughput. The host has an AMD
Zen3 CPU @ 2.45 GHz with 2 sockets, 64 physical cores per
socket, and 2 hyperthreads per physical core. The host CPU
frequency ranges from 2.45 GHz to up to 3.5 GHz with turbo
boost. The CPU contains core complexes (i.e., AMD CCX’s)
with 8 physical cores and a private L3 cache per CCX. Unless

1We use these versions of Linux on our production machines. Wave and the
offloaded system software also work with the newest versions of Linux.
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MMIO

1. Host MMIO 64-bit Read (Uncacheable) 750 ns
2. Host MMIO 64-bit Write (Uncacheable) 50 ns
MSI-X

3. MSI-X Send (Register Write) 70 ns
4. MSI-X Send (Ioctl + Register Write) 340 ns
5. MSI-X Receive 350 ns
6. MSI-X End-to-End 1,600 ns

Table 2. Hardware microbenchmarks. Results are rounded to
1-2 leading digits. MSI-X End-to-End includes PCle latency.

otherwise noted, we run workloads on the first hyperthread
of each host physical core and leave the second sibling idle.
We present microbenchmarks that show Wave has low
communication overheads that make offload practical. We
then offload preexisting system software for thread schedul-
ing, an RPC stack, and memory management to the SmartNIC
and provide an apples-to-apples comparison to on-host soft-
ware. Due to our optimizations, end-to-end performance is
only slightly worse with Wave despite PCle overheads. When
applications leverage newly freed host resources due to the
offloaded software, they outperform on-host deployments.

7.1 Microbenchmarks

Results of MMIO and MSI-X Evaluation. In Table 2, host
MMIO reads are 750ns due to the PCle roundtrip and writes
are 50ns as they are not acknowledged. Wave uses SmartNIC
memory for communication and, thus, NIC-side latencies
are those of a regular memory access. MSI-X overheads are
comparable to interprocessor interrupts, though end-to-end
latency is higher due to the one-way PCle trip.

Results of Scheduling Evaluation. Table 3 contextu-
alizes these overheads by comparing a scheduler offloaded
with Wave with on-host ghOSt for a FIFO thread sched-
uling policy. With no optimization, Wave’s overheads are
several ps higher than ghOSt’s, though optimizations (§5)
bring Wave quite close.

Conclusion. Wave has cheap communication and no-
tification mechanisms that make offload practical. Wave’s
microbenchmarks will never match on-host due to the in-
herent cost of offload across PCle, though they come close.

7.2 Thread Scheduler

We offload three preexisting ghOSt policies with Wave and
compare them with their on-host implementations in ghOSt
to demonstrate the overheads of offload.

7.2.1 Ported ghOSt Policies. We first port a run-to-
completion FIFO policy and use it to schedule RocksDB
[74], an in-memory key-value store with us-scale requests.
We chose this policy because it requires little compute but
interacts extensively with the workload, stressing Wave’s
API and PCle queues and making the cost of offload clear.
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Offloaded Kernel Thread Scheduler with Wave
1. Open a Decision in Agent & Send MSI-X
Baseline (§5.3)
with WB PTEs on SmartNIC (§5.3.1)
2. Context Switch Overhead on Host
Baseline (§5.3)
with WB PTEs on SmartNIC (§5.3.1)
and with WC/WT PTEs on Host (§5.3.1)
and with Pre-Staging & Prefetching (§5.4)
On-Host ghOSt Scheduler
3. Open a Decision in Agent & Send Interrupt
4. Context Switch Overhead on Host
Baseline
with Pre-Staging (§5.4)

Table 3. Scheduling microbenchmarks. We ran context-
switch benchmarks five times and report the range of medi-
ans. "Prestaging” has more variability as prestages may fail.

1,013 ns
426 ns

13,310-13,530 ns
9,940-10,160 ns
6,100-6,910 ns
3,320-4,040 ns

770 ns

4,380-4,990 ns
2,350-3,260 ns

We next port a Shinjuku [53] policy and use it to sched-
ule RocksDB. We chose Shinjuku because it also maintains
a FIFO queue but preempts threads that exceed a time slice,
making the overhead of MSI-X clear.

Last, we port our custom kernel scheduling policy for
GCE, our production virtual machine service [110], to
Wave. vCPUs in our VM service run for several milliseconds
continuously before requiring scheduler intervention. This
policy shows that Wave’s API is sufficiently expressive to
support production policies and that Wave suffers negligible
loss of performance when scheduling ms-scale workloads.

For all policies, we perform an apples-to-apples compari-
son between the policy on the SmartNIC and the policy on
the host. When the policy is on the SmartNIC, we do not let
the workload use the newly freed host resources that the pol-
icy would have consumed if it were on the host. This clarifies
the cost of offload. Subsequently, we let the workload use
these newly freed resources to show the benefit of offload. In
all cases, both offloaded and on-host policies either consis-
tently use or do not use the prestaging optimization together.
Offloaded policies alone may use the Wave-specific optimiza-
tions of WC/WT page table entries and WT prefetching.

7.2.2 FIFO Evaluation. We compare a FIFO policy in both
Wave and on-host ghOSt and drive RocksDB with 10 ps GET
requests. In both cases, one agent thread is pinned to a core
and schedules RocksDB. Both prestage threads (§5.4).
Comparison Scenarios. We compare three scenarios: On-
Host: On-host ghOSt with 16 host cores. One runs a ghOSt
agent and the other 15 run worker threads. Wave-15: Wave
with 15 host cores, all of which run worker threads, the same
number as On-Host. Wave-16: Wave with 16 host cores, all
of which run worker threads. Wave frees a host core that on-
host ghOSt dedicates to an agent, so this core runs workers.

274

ASPLOS ’25, March 30-April 3, 2025, Rotterdam, Netherlands

= T T T T
\z 200 Wave, 15 CPUs 4
8 —6— On-Host, 16 CPUs =
% 1001 —a— Wave, 16 CPUs o
=

N

x

=N | | | |

0
0 200 400 600 800
RocksDB Throughput (x1K req/s)

(a) FIFO scheduling policy for 10us GET
requests.

200 |- b

100 |~ b

99% Latency (us)

0 ! ! !
0 50 100 150

RocksDB Throughput (x1K req/s)

(b) Shinjuku for 99.5% 10us GET and
0.5% 10ms RANGE.

Figure 4. Wave implements us-scale preemptive scheduling
and is competitive with on-host scheduling.

Results of Apples-to-Apples Comparison. In Fig. 4a,
Wave-15’s tail latency is 3ps higher than On-Host and satu-
rates 1.1% lower due to PCle overhead. Wave-16 saturates
4.6% higher than On-Host due to the extra host core freed.

Results of Applying Optimizations (§5). We repeat
Wave-16 without optimizations and successively add them.

Saturation Tput
258,000

520,000 (+102%)
680,000 (+31%)
895,000 (+32%)

Baseline (No Optimizations, §5)
+ SmartNIC WB PTEs (§5.3.1)
+ Host WC/WT PTEs (§5.3.1)
+ Prestage and Prefetch (§5.4)

Optimizing PCle communication with WC/W'T page table
entries still falls far short of Wave-16’s saturation throughput
in Figure 4a. When latency is hidden with prestaging and
prefetching, throughput further increases by 32%. Wave-16
now saturates 4.6% higher than On-Host, which is lower
than an expected improvement of (16 / 15) - 1 = 6.7% from
an extra host core due to PCle overhead.

7.2.3 Shinjuku Scheduling Policy Evaluation. Shin-
juku [53] is a round-robin policy with time-based preemp-
tion. We use this policy to show that MSI-X interrupts are a
reasonable alternative to inter-processor interrupts.
Results of MSI-X Evaluation. Shinjuku preempts re-
quests that exceed a time slice so short requests do not suffer
inflated latency when stuck behind long requests. The load
generator produces 99.5% of requests as 10us GETs and 0.5%
as 10ms RANGE queries. The preemption time slice is 30us.
Both Wave and on-host ghOSt prestage. However, prefetch-
ing in Wave (§5.4) is ineffective when a preemption occurs
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as the host immediately reads the next decision upon receipt
of the MSI-X, so it cannot overlap the PCle read with work.

Results of Apples-to-Apples Comparison. In Fig. 4b,
Wave-15 has tail latency 5us higher than On-Host and satu-
rates 7.6% lower due to PCle overhead. Wave-16 leverages
the extra host core to saturate 1.9% higher than On-Host, but
this falls short of the expected 6.7% improvement mentioned.
Wave-15 and Wave-16 both perform worse relative to On-
Host than with FIFO due to lack of prefetch on preemption.

7.2.4 Virtual Machine Scheduling Policy Evaluation.
Virtual machines run on top of a hypervisor in the host ker-
nel, with their vCPUs scheduled by the host kernel’s thread
scheduler every few milliseconds. Even when a vCPU is idle
and there are no other runnable tasks on a physical core, the
host scheduler still receives timer ticks and wakes up before
immediately yielding back to the guest. This unnecessary
interference prevents the physical core from entering deep
sleep states, limiting the turbo boost potential of other cores.

Results of Offloading Custom Kernel Scheduling.
A prime candidate for offload is our custom kernel sched-
uling policy, designed specifically for GCE [110], our pro-
duction virtual machine service. This policy, inspired by
Tableau [111], prioritizes fair CPU sharing among all vCPUs
while imposing an upper bound on tail latency. Under this
policy, vCPUs run for a time quantum ranging from 5-10 ms
but can be preempted at 1-ms granularity. This fine-grained
control ensures fairness as vCPUs may consume varying
amounts of CPU time within their assigned quantum.

Each host core independently schedules its tasks, so our
production machines deliver timer ticks to every core once
per millisecond. This high tick frequency prevents idle vC-
PUs from entering deeper power-saving modes, constraining
the turbo boost capabilities of other cores. If the on-host
scheduler used a single polling scheduling instance instead,
we could disable timer ticks. However, ghOSt [62] shows
that this model has scalability limits when co-located with
the workload it schedules [62] due to hyperthread interfer-
ence and coherence traffic. We also could not provide the
instance’s core to cloud clients or provide machine-sized
VMs, which reduce noise and administrative overheads and
are an original motivation for SmartNICs like the Nitro [1].

Evaluation Background. We compare this VM schedul-
ing policy in Wave and on-host ghOSt. As VMs are scheduled
at ms-granularity, neither policy uses prestaging, and the
Wave policy also does not use prefetching. In both cases,
two VMs are scheduled, each with 128 vCPUs. The VMs are
multiplexed across 128 logical cores (64 physical cores) in
a single socket. We limit our focus to one socket because
turbo is constrained on a per-socket basis, i.e., one socket’s
activity does not impact the other sockets’ clock frequency.
In each VM, we run the busy_loop utility, which consumes
cycles with arithmetic operations and system calls. We use

275

Jack Tigar Humphries et al.

(=)

'S

Work (107%)

[\

—o— Wave (No Ticks)
0 —4— On-Host (Ticks) L
0 16 32 48 64 80 96 112 128
# vCPUs Running busy_loop

Avg Per-vCPU

(a) For each scenario, there are two VMs
with 128 vCPUs each, scheduled on a 128
core socket.

of Wave

% Improvement

I I I I I I I
0 16 32 48 64 80 96 112 128

# vCPUs Running busy_loop

(b) The % improvement of Wave (No

Ticks) over On-Host ghOSt (Ticks).
Figure 5. Virtual machine compute performance when
scheduled by Wave (no timer ticks) vs. on-host ghOSt (ticks).

this utility internally to characterize compute performance
and generate turbo frequency curves for new hardware.
Results. In Figure 5, we run busy_loop on one vCPU in
each VM with all other vCPUs idle. We spawn additional
instances of busy_loop, one per vCPU, and run the utility
on the first hyperthread of all physical cores before using
neighboring hyperthreads. Figure 5a compares the work out-
put of both the Wave scheduler and the on-host baseline, and
Figure 5b shows the percentage improvement achieved by
the Wave scheduler. The Wave scheduler shows an 11.2% im-
provement over on-host when 1 vCPU is active, 9.7% when
31 vCPUs are active, and 1.7% when 128 vCPUs are active.
When many vCPUs are idle, active vCPUs save the tick over-
head and experience a turbo boost. Once 32 vCPUs are active,
AMD’s turbo governor applies a smaller turbo boost. Once
64 vCPUs are active, the first sibling on each physical core
is busy, and we start running busy_loop on the second sib-
lings. When 128 vCPUs are active, no vCPUs receive a turbo
boost, so the 1.7% improvement is solely timer tick over-
head savings. Using one SmartNIC core for scheduling saves
1.7% * 256 = 4.4 cores per host; at fleet scale, even a small
improvement like this creates significant cost savings.

7.3 RPC Stack

The SmartNIC is the entry point for all incoming packets, so
it can make better packet steering and thread scheduling de-
cisions that save host compute and improve cache locality and
tail latency. We offload both the packet-to-host-core steer-
ing policy for Stubby [83] (§4.3) and the thread scheduler
(§4.1) to the SmartNIC, co-locating them for improved coor-
dination. The RPC data plane has already been offloaded in
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prior work [6—-12], so we retain this design while additionally
offloading the packet-to-host-core steering policy.

7.3.1 RocksDB Evaluation. RocksDB runs on the host
and a load generator under the same top-of-rack switch
serves the system with RocksDB RPC requests, with 99.5% of
requests as 10us GETs and 0.5% as 10ms RANGE queries. The
RPC stack and RocksDB run in different processes and pass
requests/replies via shared memory, i.e., host DRAM when
the RPC stack is on-host and PCle MMIO when offloaded.
Comparison Scenarios. We compare three scenarios:

1. OnHost-All. The ghOSt scheduler and the RPC stack
are both on host. All communication is via host shared
memory. The RPC stack uses 8 cores, the scheduler
one, and RocksDB 15. ghOSt performance degrades
when it is located in a different CCX than RocksDB,
so we co-locate ghOSt and RocksDB in the same two
CCXs while the RPC stack runs in a third CCX.

2. OnHost-Scheduler. The scheduler runs on the host
while the RPC stack is offloaded to the SmartNIC with
Wave. The scheduler and RPC stack communicate via
MMIO so that the scheduler knows about incoming
RPCs, and RocksDB and the RPC stack also use MMIO
communication. The 8 host cores used above for RPCs
are now free. ghOSt uses 1 core, and RocksDB uses 15.

3. Offload-All The scheduler and RPC stack both run on
the SmartNIC with Wave, communicating via Smart-
NIC DRAM. RocksDB uses all 16 host cores and MMIO
for cross-PCle communication with the RPC stack.

Scheduler-RPC Synergy. We run the single-queue Shin-
Jjuku policy [53] and preempt threads that exceed a 30us time
slice. This ensures that in a highly dispersive workload, short
requests do not get stuck behind long ones. Figure 6a shows
that by running the RPC stack and scheduling on the same
node (host or SmartNIC), OnHost-All and Offload-All achieve
about identical performance, though Offload-All recovers 9
host cores. Although Offload-All dedicates one more host
core to RocksDB, RocksDB suffers from PCle overhead, and
so performs comparably to OnHost-All. The offloaded RPC
stack does not currently leverage prestaging and prefetching,
and we attribute the latency gap to this. When the RPC stack
alone is offloaded in OnHost-Schedule, the on-host scheduler
must access the RPC headers via MMIO loads to schedule
threads, saturating at a much lower throughput.

Results of Apples-to-Apples Comparison. RocksDB
has one more host core in Offload-All (16 cores) than OnHost-
All (15). In this experiment, throughput is linear with the
number of host cores as the remaining resources on host
and the SmartNIC are not saturated. The throughput with 15
cores is X*(15/16), so when Offload-All restricts RocksDB to
15 on-host cores, it performs 6.3% worse than OnHost-All.
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Figure 6. RocksDB performance when running the RPC
stack and the scheduler on the host or on the SmartNIC.

7.3.2 Leveraging Network Insights. We port the multi-
queue Shinjuku policy, which leverages RPC-specific infor-
mation to provide better performance isolation between SLO
classes. Each RPC request includes an SLO in its payload,
which the RPC stack passes to the scheduler. The scheduler
assigns the request to an idle RocksDB thread and adds the
thread to a per-SLO run queue. The Wave agent then assigns
threads to idle host cores. The preemption time slice is 30 ps.

Results of Multi-Queue Shinjuku Policy. In Figure 6b,
Offload-All saturates 20.8% higher than single-queue Shin-
juku because it leverages RPC information on the SmartNIC.
Offload-All saturates within 2.2% of OnHost-All although
the latter uses 9 more host cores. The 2.2% gap is due to PCle
overhead. In OnHost-Schedule, the overhead of reading the
SLO (not just the RPC header) via PCle dominates and lever-
aging the included SLO has no impact, so the gap widens
between OnHost-Schedule and the other scenarios relative
to single-queue Shinjuku. This shows that to offload/acceler-
ate an RPC stack and effectively leverage the included SLOs,
it is essential to also offload scheduling.

Results of Apples-to-Apples Comparison. When
Offload-All restricts RocksDB to 15 host cores as above, it
performs 7.4% worse than OnHost-All due to PCle overhead.

7.3.3 Faster Interconnects Benefit Wave. PCle is the
bottleneck in Wave for us-scale software. Coherent intercon-
nects like CXL [106], UPI [107], and NVLink [108] improve
performance and eliminate the need for software coherence.

Evaluation Background. To show that Wave systems
take advantage of coherent interconnects, we emulate a UPI-
attached SmartNIC using the host CPU in one socket, and we
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use the other socket’s CPU as the host. A UPI link connects
both sockets, and we re-implement the optimizations in §5.
We use AMD’s HSMP frequency scaling driver to set the
turbo boost limit to emulate the slower SmartNIC cores.
The host socket runs at 3.5GHz, and we test three different
frequency limits for the emulated SmartNIC socket: 3GHz
(our SmartNIC SoC frequency), 2.5GHz and 2GHz.

We compare two scenarios. Offload: The Wave scheduler
and RPC stack run on the emulated SmartNIC in one socket
and RocksDB runs in the other socket. On-Host: The Wave
scheduler and RPC stack along with RocksDB all run in the
same socket, and we run the system at the default 3.5GHz
host frequency. In both scenarios, RocksDB uses the same
number of cores, so this is an apples-to-apples comparison.

Results of Apples-to-Apples Comparison. The slow-
downs at saturation in offload relative to on-host are 1.3%
(offload @ 3GHz), 2.5% (2.5GHz) and 3.5% (2GHz). At 3GHz,
UPI yields an improvement of 0.9% over Wave running on
our real PCle-connected SmartNIC. Wave uses shared mem-
ory and PCle effectively, performing well without hardware
cache coherence but benefiting from it when available.

7.4 Memory Management
We next offload SOL [82], described in §4.2.

7.4.1 Evaluation Background. The Wave SOL agent uses
DMA to transfer RocksDB’s page table entries to the Smart-
NIC and page migration decisions to the host. The RocksDB
database has 10 billion key-value pairs and is ~100 GiB. We
group pages into 256 KiB batches (64 x 4 KiB pages), and
scan each batch with periods ranging from 600ms, 1.2s, 2.4s,
..., 9.6s. Once per 38.4s epoch, fast batches are migrated to
DRAM and slow batches are swapped to disk. There is one
load generator thread that creates 10us GET requests and
14 RocksDB workers, each affined to a unique core. We pin
the load generator and RocksDB threads to host cores in the
same two CCX’s (8 physical cores per CCX) and schedule
them with the default on-host Linux kernel scheduler. The
agent runs either on the host (in different CCXs than the load
generator and RocksDB) or on the SmartNIC. SOL requires
significant compute well beyond one core, so we parallelize
the policy and dedicate up to 16 cores. In each trial, the agent
uses the same number of SmartNIC cores and host cores.

7.4.2 Results of Apples-to-Apples Comparison. The
table below shows an apples-to-apples comparison of the
per-iteration agent loop duration. The duration decreases
with more cores. Portions of the SOL policy are serial, so the
duration does not decrease linearly with the core count.

# Cores Wave (ms) On-Host (ms)
1 1,018 623
2 576 431
4 437 354
8 384 322
16 364 309
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The Overheads. Transferring the page table entries with
DMA for the entire RocksDB address space takes ~1ms. The
entire address space is transferred on the first agent iteration,
but subsequent transfers are faster as SOL learns which page
batches to scan less frequently. Transferring page migration
decisions to the host with DMA takes <1ms on all iterations
as only a subset of pages is migrated. The agents spend most
of their time on policy computation, so the offloaded soft-
ware’s per-iteration duration is higher than on-host because
it uses weaker ARM cores rather than x86 host cores. Despite
this higher duration, the offloaded software approaches the
300ms period in the SOL paper [82], making it practical to
deploy SOL without sacrificing 16 host cores.

Effect on RocksDB. SOL reduces RocksDB’s memory
usage from ~102 GiB DRAM at startup to ~21.3 GiB DRAM
(79% reduction) after 3 epochs. Each GET request is 10us, so
SOL’s impact on RocksDB performance is minimal, with a
median GET latency of 12us and a tail (99%) of 31ps.

8 Conclusion

Wave demonstrates that system software is a practical and
effective workload for mid-tier SmartNIC ARM cores, en-
abling cloud providers to recover host resources while sacri-
ficing minimal performance. By leveraging a tailored host-
SmartNIC communication API and optimizing for both high-
throughput and low-latency interactions, Wave manages
the PCle bottleneck and achieves efficient offload of system
software. Ultimately, Wave highlights the potential for re-
thinking system software placement in modern datacenters,
unlocking new opportunities for efficiency and scalability.
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