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Abstract

The conventional threading model multiplexes software
threads onto hardware cores. This model inherently suffers
from the overhead of 1) context switching, 2) scheduling,
and 3) system event notifications (e.g., I/O interrupts). As
computing enters µs-scale, such overheads become the key
bottleneck of a wide range of domains: networking, concur-
rency control, andmicroservice scheduling, etc. Existing soft-
ware solutions, such as cooperative scheduling and polling,
sacrifice correctness and/or CPU efficiency, while hardware
offers only point solutions with suboptimal performance.

To eliminate the threading overheads without introducing
difficult tradeoffs, our key insight is that hardware should
directly expose schedulable, basic units of execution (i.e.,
software threads) instead of computational resources (i.e.,
cores). We propose threadlet, a new hardware abstrac-
tion that is lighter than a software thread by removing un-
critical state (e.g., floating-point registers). A core caches
a few active threadlets in its register file, while spilling
the rest to the memory hierarchy. Thus, context switch-
ing incurs minimal overhead by simply resuming execu-
tion with the next threadlet’s state. Moreover, threadlet
comes with hardware support that can express diverse OS
scheduling policies, enabling fast and flexible scheduling.
Finally, as a hardware abstraction, threadlets directly in-
terface with microarchitectural mechanisms (e.g., cache co-
herence) for efficient event notifications. We build a sup-
porting architecture on an FPGA and a research OS for
threadlet, outperforming prior works by 3× to 47× on
real-world applications. Our artifact is publicly available at
https://github.com/TELOS-syslab/Threadlet.
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1 Introduction

Conventional computing offers a split threadingmodel. Hard-
ware exposes cores as computational resources. Privileged
software (e.g., an OS) multiplexes threads, each with its state,
to manage core resources. Such a threading model dates back
to the 1960s [17, 20, 49], and has since enjoyed wide success.

Yet, this threadingmodel inherently suffers from four types
of inefficiencies. Multiplexing threads over cores incurs 1)
context switching (i.e., register save/restore), and 2) schedul-
ing overhead (i.e., deciding the next thread to run). Moreover,
computing frequently involves event notifications, including
3) thread-to-thread notification (e.g., a thread waking up an-
other), 4) device-to-thread notification (e.g., I/O interrupts).
As threads are transparent to hardware, privileged software
must mediate these notifications, incurring extra delays.

As hardware advances push computing into µs-scale [8,13,
37,39,41,57], a wide range of domains suffer from these ineffi-
ciencies. Data center networking is a typical example suscep-
tible to all four of them. NIC I/O incurs device-to-thread no-
tifications, while dispatching requests across worker threads
leads to thread-to-thread notifications. Further, to maximize
CPU efficiency, data centers [24, 25, 58] often co-locate other
workloads with networking applications to utilize idle cycles
when no request arrives. Yet, co-location leads to context
switching and scheduling overheads. Other affected domains
include concurrency control [22, 109], microservice schedul-
ing [12,40], system calls [93], and microkernel IPC [10,21,65].
Existing solutions mitigate these inefficiencies, but intro-

duce hard-to-resolve tradeoffs. For example, software mini-
mizes context switching overhead with cooperative schedul-
ing [59,71,108], but can lead to starvation. Moreover, software
uses polling for both device-to- and thread-to-thread notifica-
tions. Yet, despite optimizations like spin-then-park [19, 29],
polling still either wastes CPU cycles or harms performance.

Hardware works [37,55,67,74,88,90] only offer point solu-
tions to a subset of these inefficiencies, while important sce-
narios such as networking discussed above, demand a holistic
solution. Moreover, these point solutions are suboptimal. For
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Figure 1:A comparison of conventional threadingmodel and Loom.

example, works on hardware context switching [38, 69, 70]
still swap thread state to memory and thus suffer from the
key overhead of moving data between registers and memory.
Also, works on hardware thread scheduling [18, 37, 68–70]
often hard-code policies, limiting flexibility.

This paper presents threadlet, a new threading abstrac-
tion, and Loom, its supporting architecture, which together
address all four inefficiencies. Moreover, we design our sys-
tems to be 1) generic, applying to a wide range of domains, 2)
flexible, avoiding fixed policies, and 3) practical, realizable
through lightweight extensions to commodity hardware.
Our insight is that a unified, rather than split, threading

model addresses all four inefficiencies, as shown in Figure 1.
Hardware no longer exposes the computation-resource ab-
straction (i.e., cores) but rather the abstraction of schedulable
units of execution (i.e., software threads). This change of
perspective eliminates multiplexing, and thus the associated
context switching and scheduling overheads. Moreover, ex-
posing threads to hardware allows them to directly interface
with microarchitectural mechanisms (e.g., cache coherence),
thus eliminating software mediation for event notification.
We propose the threadlet abstraction as a hardware

representation of software threads. As its name suggests, a
threadlet is lightweight, maintaining only the critical state,
including 1) general-purpose registers; 2) key control regis-
ters (e.g., program counter); and 3) scheduling semantics (e.g.,
priority, deadline, event triggers). The OS only manages
threadlets on rare occasions, such as creation/deletion,
and setting scheduling policies, via a new set of instructions;
the accompanying hardware, Loom, handles the rest.

Loom1 addresses a key design challenge: enabling a
large number of threadlets per core, without sacrificing
common-case performance. Software threads are abundant,
and so must be threadlets. Google data centers [53] aver-
age 50 threads per core, with some reaching around 500. A
conventional design [104] would require a large register file,
increasing instruction execution latency by tens of cycles,
which is unacceptable for µs-scale computing. Loom exploits
a key observation: most of the time, only a small number of
threads are runnable (often <2%; see Figure 5).

Hence, while Loom supports hundreds of threadlets per
core, the register file stores only a few (8 in the current de-

1A loom “manages” numerous threads, weaving them into new patterns.

sign) runnable high-priority threadlets, incurring minimal
latency overhead. The rest of the threadlets reside in the
memory hierarchy. Critically, as threadlets carry schedul-
ing semantics, Loom can efficiently predict which ones are
likely to run next. Loom therefore asynchronously prefetches
off-chip threadlets into an on-chip staging buffer, minimiz-
ing performance impact. With that, Loom only performs con-
text switching among the threadlets in the register file and
incurs minimal overhead by eliminating state save/restore.
For efficient scheduling, Loom proposes two scheduling

primitives that are 1) easy to implement in hardware, 2)
but can be composed to express various policies. First, each
threadlet is associated with a three-tuple: a) priority, b)
time slice, and c) deadline. Higher-priority threadlets pre-
empt lower-priority ones, while deadline-aware round-robin
scheduling is used for threadlets with the same priority.
Second, Loom allows an OS to register a dedicated schedul-
ing threadlet that executes a scheduling policy when key
events occur (e.g., a threadlet wakes up or blocks). To-
gether, these primitives minimize OS involvement, and thus
its associated scheduling overhead. Moreover, despite many
threadlets, scheduling remains highly efficient by optimiz-
ing for the common case of a few runnable ones.

Finally, Loom unifies the two types of notifications using
memory address monitoring [8, 34]. Under this scheme, a
waiting threadlet registers a memory address with Loom
and yields the core. Loom then snoops cache coherence
events and, upon a write to the monitored address, wakes
the threadlet. This design is strictly faster than interrupts
(or any other software mechanisms) and matches polling,
since memory writes are the earliest signals of ready data.

We built Loom using the Rocket RISC-V core on an FPGA
and further developed a research OS, LoomOS. Thanks to
the hardware support, LoomOS resolves long-standing trade-
offs across a wide range of domains, providing: 1) µs-scale
(as polling) work-conserving (as interrupts) networking; 2)
efficient blocking concurrency control; 3) delegation-style
system calls; and 4) nanosecond-scale EEVDF scheduling.
Evaluation shows that LoomOS outperforms prior works by
3× to 47× across these domains on real-world applications.
Related work (§7). Loom advances multithreading proces-
sors [91,92,102,103]: Threadlets depart from the hardware
thread abstraction, thereby solving systems problems (e.g.,
software thread scheduling and I/O), rather than exploiting
microarchitecture. Many ideas overlap with a prior work-
shop [34] and a vision paper [8]. We extend these high-level
proposals and make technical contributions to realize them.

In summary, this paper makes the following contributions.
• Insights.We argue that hardware should directly ex-
pose schedulable units of execution (i.e., threads) as the
abstraction, rather than resources (i.e., cores).

• Interface design. We design threadlet and the
scheduling primitives to be simple enough for hardware
realization, while preserving flexibility for software.
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• Practical realization. We show that lightweight ex-
tensions to commodity hardware solve long-standing
challenges across many system domains.

2 Inefficiencies in Current Threading

2.1 The Current Threading Abstractions

The conventional threading model consists of two layers.
Hardware exposes the core abstraction, a form of resource,
offering the capability to compute, access main memory, and
perform I/O. Privileged software (e.g., an OS) manages the
core resource by multiplexing threads over it. This widely
used model has been unchanged for decades [17, 20, 49].
Inefficiencies. However, this model adds an extra level
of indirection, namely threads, that is largely invisible to
hardware, leading to four forms of inefficiency.

First, multiplexing threads on a core incurs the extra over-
head of 1) context switching, i.e., saving and restoring threads’
architectural state; and 2) scheduling, i.e., the OS scheduler
decides the next thread to run. Moreover, as hardware is
unaware of threads, any notification to threads must be me-
diated by software. Thus, both 3) thread-to-thread (e.g., con-
dition variables, signals) and 4) device-to-thread notifica-
tions (e.g., interrupts upon I/O completion) suffer.
Limitation for µs-scale computing. An implicit assump-
tion of the current model is that computations are long-
running and involve minimal interaction with external enti-
ties. Hence, these four overheads are trivial. However, faster
CPUs, memory, and I/O devices [32,55,90] have pushed com-
putation to µs-scale [8,37], thereby breaking this assumption.

Hence, as further elaborated in §5, many existing research
works, across a wide range of domains, essentially address
these four inefficiencies. For example, computation often
involves preempting long-running tasks to prioritize short
ones, as in networking runtimes, where tasks correspond
to requests, and datacenter scheduling, where tasks corre-
spond to applications. Such preemption requires fast con-
text switching and scheduling, leading to much research in
networking and/or datacenter scheduling [25, 39, 41, 57, 75].
Moreover, both microkernels [10, 21, 28, 65] and concurrency
control [22, 80, 109] require fast thread-to-thread notifica-
tions for IPC and wakeups. These domains thereby form the
key use cases of Loom.
To quantify the four inefficiencies, we use our evalu-

ated networking workloads (§6.3) as a representative exam-
ple. With these workloads, device-to-thread notification and
thread-to-thread notification can happen up to 900 thousand
times per second. Furthermore, at peak load, the average
context switching interval is as small as 5.5 µs.

We next experimentally analyze these four overheads and
discuss the limits of existing software/hardware solutions.
2.2 High Scheduling and Context-Switch Overheads

Environment. Across the section, we evaluate with an Intel
Xeon Silver 4216 machine, running Ubuntu 24.04.2 and Linux

kernel 6.12.20. We report the average of 2000 runs.
Workload. To measure context switching and scheduling
overheads, we use a microbenchmark that runs 64 threads on
a core, each executing an idle loop for 5 µs, and then yielding
the core. We instrument the code with rdtsc.
Results. Figure 2(a) and (b) show the results, from which we
draw the following observations. First, both context switch-
ing (0.6 µs) and scheduling (1.0 µs) incur high, µs-scale over-
heads. Second, even in this optimal case with almost no cache
pollution, saving and restoring architectural state to and
from memory remains expensive. Third, due to its inherent
complexity, even with optimized data structures such as red-
black trees, the current Linux scheduling policy EEVDF [98]
still incurs high overhead (thread descriptor update: 0.3 µs,
red-black tree access and update: 0.6 µs).
Software solutions. To mitigate both overheads, soft-
ware solutions propose new abstractions, such as user-level
threads [40, 53, 71, 75, 79, 83] and coroutines [51, 108], to by-
pass the kernel scheduling. While elegant, these solutions
suffer from the following limitations.
Limitations in context switching. User-level threads of-
ten adopt cooperative scheduling [30, 59, 71, 108], which, in
the extreme case, turns context switching into function calls.
It thus minimizes the architectural state that must be saved
and restored, thereby reducing the associated overhead.
However, cooperative scheduling entirely depends on

tasks being well-behaved. A buggy or malicious task can eas-
ily starve the entire system, harming correctness. Moreover,
it is not general-purpose, as it requires significant manual
effort to handle 1) blocking operations via asynchronous pro-
gramming [72, 108], and 2) long-running tasks by inserting
yield points [51]. For these reasons,we argue that cooperative
scheduling is not a broad solution for µs-scale computing.
Limitations in scheduling. Software solutions to schedul-
ing inefficiency involve using simple, customized scheduling
policies. This approach effectively reduces scheduling over-
head, at the cost of reduced generality, thereby resulting in
suboptimal scheduling outside the target scenario.
For example, most prior works adopt a combination of

round-robin and processor-sharing policies [42, 57, 63] to
ensure fairness. These policies struggle with generic work-
loads, as they overlook subtleties that make EEVDF complex,
such as 1) past CPU usage, 2) weighted fairness based on
priority, and 3) burst bias. Also, customizing policies for
specific scenarios incurs duplicated effort, and developing
one is non-trivial even for kernel experts [35, 66].
2.3 Slow System Event Notification

Thread-to-thread notification. For thread-to-thread no-
tification, we measure the time to wake up a pinned kernel
thread sleeping on a lock. We believe this is (almost) the min-
imum overhead for thread-to-thread notification, as it avoids
many other overheads in cases like signals and futexes.
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Figure 2: Overhead breakdown of the four inefficiencies in the current threading model.

Figure 2(c) shows the results. The overhead is surprisingly
high, at 1.5 µs. It comes from two sources: 1) updating the
target thread’s kernel state (e.g., leaving its waitqueue and
entering a runqueue), and 2) interestingly, after becoming
runnable, the thread must still wait until the next scheduler
tick (often a timer interrupt) to execute, incurring extra delay.
Device-to-thread notification. For device-to-thread noti-
fication, we measure, in Linux NIC processing, the overhead
of the interrupt path relative to the polling one.
Figure 2(d) shows the results. An interrupt adds at least

1.46 µs of overhead, due to 1) asserting APIC, 2) updating
kernel statistics, 3) raising and entering a softirq, and 4) exit-
ing from the softirq. Steps 3) and 4) are because the handler
runs with interrupts disabled and thus must stay short for
system responsiveness. Hence, it defers the remaining work
to a softirq handler outside the interrupt context.
Software solutions. Interestingly, for both types of notifica-
tion, current software relies on the same approach: polling for
minimal overhead. For example, threads often spin on shared
memory for concurrency control and IPC. Fast I/O frame-
works [11,55,78,90,97,101], networking runtimes [25,41,75],
and even kernel I/O interfaces [100] poll for device events.
However, polling is a compromise. Its well-known draw-

back is wasting CPU cycles, which must be avoided at scale,
as reported by Google [56]. Optimizations such as spin-then-
park [19,29] and adaptive polling [86,96] are ad-hoc, as their
heuristics often fail, hurting performance. CPU waste is fur-
ther exacerbated by the fact that polling is effective only
when it monopolizes a dedicated core; otherwise, polling
even underperforms interrupts [36, 50].
2.4 Hardware Solutions

Table 1 summarizes the current hardware proposals for
threading inefficiencies. A key limitation is that they address
only a subset of the problem, failing to provide a holistic solu-
tion, which is a must for key use cases. For example, µs-scale
networking requires addressing all four inefficiencies (§5.2).
Moreover, even for the inefficiencies they target, they remain
suboptimal in performance or generality, as detailed next.
Context Switching. Many prior works support context
switching [38,69,70] by swapping thread context to memory.
A notable example is Intel’s hardware task switching [38],
which uses memory-resident Task State Segments to save
and restore architectural state. However, such an approach
does not address themain overhead: data movement between

Ctx Switch Scheduling T-T Notifi. D-T Notifi.

Intel HTS [38] ✓– ✗ ✗ ✗

ESMT [69] ✓– ✓– ✗ ✗

Q-Zilla [70] ✓– ✓– ✗ ✗

nMPRA [26] ✓– ✓– ✓– ✗

µManycore [95] ✓– ✓– ✗ ✗

Duplexity [68] ✓– ✓– ✗ ✗

NanoPU [37] ✗ ✓– ✗ ✓–

ALTOCUMULUS [110] ✗ ✓– ✗ ✗

RPCValet [18] ✗ ✓– ✗ ✗

RTM [46] ✗ ✓– ✓– ✗

SYNCBUS [61] ✗ ✓– ✗ ✗

HyperPlane [67] ✗ ✗ ✗ ✓–

Loom ✓ ✓ ✓ ✓

Table 1: A summary of current hardware proposals. ✗: no support;
✓–: suboptimal solution; ✓: supported. T-T: thread to thread; D-T:
device to thread.
the processor and memory (§2.2). Another line of work (e.g.,
nMPRA [26] and hardware multithreading techniques such
as SMT [92, 102, 103]) avoids data movement by expand-
ing the register file and replicating pipeline state. However,
this approach can support only a small number of hardware
contexts (e.g., at most 8 hyperthreads in commodity proces-
sors [89]), due to the increased latency to access the register
file and area/power overheads.
Scheduling. Prior work executes scheduling policies in
hardware [18,37,45,46,61,70,84], but targets narrow use cases
and hardwires policies. For example, much work on network-
ing runtimes, exemplified by NanoPU [37], embeds special-
ized policies such as JBSQ [45], an RPC load-balancing policy
that does not generalize beyond its target setting. Works on
real-time systems [46, 61, 84] support either fixed policies or
a narrow set of priority-based policies [26].
Notifications. Commodity hardware and research
works [67, 107] propose idle-loop optimization instruc-
tions (e.g., MONITOR/MWAIT in x86 [38,106]). These instructions
are largely designed to reduce the power waste of polling;
they do not directly address the CPU waste. User in-
terrupts [30], an emerging hardware feature, reduce the
overhead of both notifications [30, 33, 40, 50]. However, user
interrupts still incur sub-microsecond overhead [30, 50] (e.g.,
0.6 µs as reported in [50]), which remains significant.

3 The threadlet Abstraction

This section presents threadlet, a new hardware abstrac-
tion for efficient threading. We present its design goals (§3.1),
overview (§3.2), detailed design and rationale.
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Sw. Threads Hw. Cores/Threads Hw. Threadlets

Num per Core Many A few, typically 2 512
General-Purpose Regs Full Full Full
Control/Status Regs Full Full Only critical

FPU/DR/PMC Full Full None
Scheduling Metadata Full None Only critical

Management instructions No No Yes

Table 2: A summary of threads, cores and threadlets.

3.1 Design Goals

Our design aims to meet the following goals:
• Efficient threading. Our design achieves high perfor-
mance without sacrificing correctness or CPU efficiency,
thereby resolving the long-standing tradeoffs in existing
software solutions.

• General. As a hardware proposal, our design should
benefit a wide range of use cases, rather than being
limited to a specific workload.

• Flexible. Our design follows the principle of separating
policy from mechanism, avoiding hard-coding policies.

• Practicality. Our design minimizes changes to existing
commodity hardware and the resulting overhead.

3.2 An Overview of the Threadlet Abstraction

Insights. To meet our design goals, our key insight is that
these four inefficiencies can be simultaneously addressed by
moving the software thread, the abstraction of the unit of
execution, into hardware. To realize this, hardware must be
aware of not only the architectural state of software threads,
but also their scheduling semantics, while exposing inter-
faces for the OS to manage these units of execution (e.g.,
create/delete). This removes software threads, the extra level
of indirection, thereby minimizing the need for OS media-
tion. As a result, hardware can directly switch, schedule, and
notify these units of execution, thereby addressing the root
cause of these inefficiencies (§2.1).
threadlet. As one way to realize this insight, we design
the threadlet abstraction to represent a unit of execution in
hardware. Table 2 compares threads, cores, and threadlets;
Section 7 further expands the comparison.
3.3 Lightweight Execution Context

To facilitate hardware design, threadlet’s execution con-
text is intentionally much lighter weight than that of soft-
ware threads or hardware cores, as its name suggests. First,
it includes only the critical architectural state: 1) all general-
purpose registers; and 2) a few key control and status reg-
isters, e.g., the program counter, stack pointer, page table
register, and privilege level. Second, it includes only minimal
scheduling metadata: execution state (i.e., runnable, blocked),
priority, deadline, and time slice. We selected only those fields
from Linux’s 700-byte thread scheduling structure, as they
are sufficient for most scheduling decisions (§3.4).
Design rationales. The lightweight execution context
is one of the key enablers to cheaply support many

threadlets on a single core. As a result, context switching
between threadlets happens entirely in the core, eliminat-
ing data movement between the core and memory, which is
the main source of overhead, as we show in §2.2. As a result,
threadlet context switching costs only a few cycles (§6.2).

With this design,threadlet excludes rarely used architec-
tural state in µs-scale computation, such as debug registers,
performance counters, and floating-point (and vector) regis-
ters. Rather, all threadlets on a core share them, with spe-
cial instructions selecting the owner threadlet (Table 3).
We believe this tradeoff is necessary and practical; for

example, on modern x86, the total size of floating-point reg-
isters is between 256 bytes and 2 KB, being 2× to 16× larger
than general-purpose registers. Yet, in most applications, the
primary use of floating-point registers is for bulk memory
operations such as memcpy, which µs-scale computation of-
ten avoids through techniques such as zero-copy [81, 111].
This design also aligns with OS practice: lazy FPU context
switching reduces switching overhead by deferring FPU state
save/restore until a thread executes an FPU instruction [94].
We discuss how to virtualize the excluded state in §5.1.
3.4 Scheduling Semantics

As a unit of execution, threadlet carries OS scheduling
semantics, enabling hardware scheduling of it.
Scheduling points. The threadlet scheduling is triggered
at two scheduling points: 1) at each scheduling tick (con-
figurable, by default 32 cycles), and 2) when the current
threadlet yields, blocks, or terminates. This design bal-
ances scheduling overhead and responsiveness.

First, each threadlet has a 3-tuple of scheduling param-
eters: 1) priority, 2) deadline, and 3) time slice. Upon each
scheduling point, the hardware picks a runnable threadlet
with the highest priority. Among threadlets with the same
priority, it selects the one with the earliest deadline. Finally,
if none has a deadline, it uses round-robin. Each threadlet
executes for its specified time slice unless i) it yields, blocks,
or terminates, or ii) a threadlet with a higher priority or an
earlier deadline preempts it. When a threadlet exhausts
its time slice, the deadline is cleared to zero, and the time
slice is reset to the specified value.

Second, hardware supports the OS to register a scheduling
threadlet triggeredwhen key scheduling events occur (Fig-
ure 3). These scheduling events include threadlet creation,
wakeup, and blocking, etc. The scheduling threadlet, to-
gether with the 3-tuple, enables a wide range of scheduling
policies, as we detail next.
Design rationales. The 3-tuple scheduling parameters
enable a scheduling fast path: hardware can directly rank
threadlets and select the next one to run using these simple
parameters. The selection and ranking logic is simple to
implement in hardware and can complete in tens of cycles,
being much faster than the sub-microsecond-scale overhead
of software approaches (§2.2).
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THREADLET_CREATED
THREADLET_TERMINATED
THREADLET_BLOCKED
THREADLET_YIELD
TIMESLICE_EXHAUSTED
THREADLET_WAKEUP
AFTER_CERTAIN_TIMER_TICK

1 if (not flag):
2 # register the monitored address.
3 tlet_monitor(flag)
4
5 if (not flag):
6 # yield with itself blocked.
7 tlet_wait()

Figure 3: Left: Events that trigger the scheduling threadlet.
Right: Pseudocode for threadlet’s memory notification interface.
We note that this interface is similar to x86’s MWAIT/MONITOR.

The scheduling threadlet serves as a slow path that
maps the scheduling policy to the 3-tuple. It periodically
adjusts the 3-tuple upon key events, thereby supporting ad-
vanced policies such as Linux’s EEVDF (§5.3), which would
be expensive to implement directly in hardware.

With the separation of the fast and slow paths, threadlet
scheduling efficiency depends on how often the slow path is
invoked, which in turn depends on how well the policy fits
the 3-tuple. Policies that fit poorly require frequent execution
of the scheduling threadlet to adjust the 3-tuple.

Hence,we design the 3-tuple to cover a vastmajority of the
modern scheduling policies. For example, common policies,
such as FIFO, round-robin, and Earliest Deadline First, can be
directly expressed by the 3-tuple without invoking the slow
path. More advanced policies, such as CFS [99] and EEVDF,
can be expressed by the 3-tuple with relatively infrequent
slow path invocations. This is because these policies are close
to the 3-tuple. For example, EEVDF’s virtual deadlines and
weighted time slices naturally map to the deadline and time
slice in the 3-tuple. As a result, it requires only infrequent
invocations of the slow path, as we show in §5.3.
Finally, we note that many real-world policies can be ex-

pressed with the 3-tuple. One example is Snap’s scheduling
policy [62]: during each period, LC threads run for a config-
urable time slice, while for the remaining time, other threads
are scheduled using CFS. Another example is the Secure VM
Core Scheduling policy in Tableau [105], which schedules
each runnable VM thread for a fixed amount of time in ev-
ery period. Lastly, the Google search policy supported by
GhOSt [35] orders threads by their elapsed runtime and se-
lects the thread with the least elapsed runtime for execution.
3.5 OS Management and Notification

Similar to software threads, threadlets are fully manage-
able by the OS. The underlying hardware provides a set of
dedicated instructions for this purpose (Table 3), offering
three types of management: 1) lifecycle control (e.g., cre-
ate or destroy threadlets); 2) scheduling operations (e.g.,
mark a threadlet as runnable or blocked); 3) registering
notification events, as we detail next.
Memory notification. Threadlets unify thread-to-thread
and device-to-thread notification through a single mem-
ory notification interface [8, 34]. This interface allows a
threadlet to monitor a memory address, yield the core,
enter the blocked state, and be woken up when another
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Figure 4: An overview of Loom.

threadlet or device writes to the address.
Figure 3 shows the pseudocode for memory notifi-

cation. Two instructions are needed: 1) tlet_monitor
to register the monitored memory address (L3); and 2)
tlet_wait (L7) to perform the yield and block. Similar to
x86’s MWAIT/MONITOR, the flag checks (L1 and L5) handle
the case where, e.g., the monitored address is updated after
tlet_monitor but before tlet_wait, which would otherwise
cause a missed wakeup.
Design rationales. The above interface allows a
threadlet or device to directly notify a threadlet instead
of a core, avoiding overheads of, e.g., kernel data structure up-
dates, APIC programming, and softirq (§2.3). This interface
delivers notifications in tens of cycles, matching polling’s la-
tency, as both check for memory updates. Yet, unlike polling,
the hardware scheduling allows a waiting threadlet to be
preempted by a runnable one, thereby avoiding CPU waste.
Generality. Finally, our experience building an OS (§5)
based on threadlet suggests that this abstraction is gen-
eral. Our OS uses threadlets to subsume many schedul-
ing constructs, including threads, coroutines, softirqs, and
workqueues. Its notification interface also replaces conven-
tional mechanisms, like futexes and condition variables.

4 The Loom Architecture

4.1 Loom Overview

Figure 4 overviews Loom, the architecture that supports
threadlets. The main component is the threadlet con-
troller, performing threadlet scheduling, notification, and
metadata management. The threadlet controller interfaces
with the local timer to trigger scheduling ticks (§3.4), andwith
the local cache to detect memory updates on threadlet-
monitored addresses (§3.5). The other key change is an en-
larged register file, as detailed next. Section 4.8 describes how
Loom is integrated with an out-of-order and SMT processor.
4.2 Challenge: Supporting Many Threadlets

A key design challenge in Loom is to efficiently support com-
parable numbers of threadlets per core to software threads.
This allows software to create threadlets freely to match
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Figure 5: Left: Register file access latency and area vs. threadlet
count, as reported by CACTI [52]. Each threadlet uses 32 general-
purpose registers using 22 nm technology node. Right: Average
and maximum numbers of runnable and total threads in DeathStar-
Bench, running on 4 cores; we sample every 100 µs.

workload needs, without being constrained by the hardware.
However, software threads are abundant in modern work-
loads, leading to heavy thread oversubscription (i.e., more
threads than cores); prior work [53] reports that Google
data centers [9] average 50 threads per core, with some
reaching around 500. Thus, we design Loom to support 512
threadlets per core.

Yet, scaling to that level introduces two challenges: 1)
storing architectural states; and 2) scheduling threadlets.
For the former challenge, an ideal design would keep every
threadlet’s architectural state in the register file. However,
even with minimized execution contexts (§3.3), Figure 5 sug-
gests that a register file can efficiently support only a small
number (e.g., eight) of threadlets. The access latency in-
crease is especially undesirable for µs-scale computation, as it
slows down every instruction. This forces Loom toward a de-
sign that departs from most multithreading processors (§7).
The latter challenge arises because a naive threadlet

scheduling design would globally compare all threadlets
by their 3-tuple scheduling parameters (§3.4). With many
threadlets, the latency, power consumption, and area of
the required logic become prohibitive.
4.3 Critical Path Among Loaded Threadlets

Observation. We overcome the above challenge with a key
observation. In µs-scale workloads with heavy thread over-
subscription, only a small number of threads are runnable
at any given time. This is because, in such workloads, most
threads are either 1) short-lived (e.g., created for a specific
task and later terminated) or 2) blockedmost of the time,wait-
ing for I/O or for requests or responses from other threads.

We validate the above observation by running DeathStar,
a microservice benchmark suite [27]. We issue requests using
a Poisson distribution with 10K RPS and sample the number
of threads every 100 µs. We define “total threads” as the
maximum number of threads observed at any sampling point.
As shown in Figure 5, the ratio of the average (andmaximum)
runnable threads to total threads is only 1.5% to 1.9% (and
5.2% to 15.4%, respectively).

Based on the above observation, Loom’s design targets the
common case where only a small number of threadlets
are runnable at a certain time. Specifically, Loom adopts
a tiered storage design. The register file holds the states

1 def RR_dist(tid_a, tid_b: int):
2 return (tid_b - tid_a + n_threadlets) % n_threadlets
3
4 # Return the higher-ranked threadlet
5 def compare_threadlet_rank(a, b):
6 # runnable status comparison
7 if a.is_runnable != b.is_runnable:
8 return a if a.is_runnable else b
9
10 # priority comparison
11 if a.priority != b.priority:
12 return a if a.priority > b.priority else b
13
14 # deadline comparison
15 if a.deadline != b.deadline:
16 return a if a.deadline < b.deadline else b
17
18 # round-robin distance
19 return a if RR_dist(ctid, a.tid) < RR_dist(ctid, b.tid) else b

Figure 6: Pseudocode of the ranking algorithm in Loom. CTID: the
ID of the current threadlet, serving as the round-robin pointer.
Note that this algorithm forms a total order among all threadlets.

of eight threadlets, which we term loaded threadlets.
The other threadlets are unloaded, and their architectural
states reside in the memory hierarchy. Note that an unloaded
threadlet can also be runnable.
Selecting the loaded threadlets. The threadlet con-
troller (§4.1) decides which threadlets to load into the
register file based on which one will be scheduled first.
This design leverages the scheduling semantics carried by
threadlets (§3.4), enabling the controller to make informed
decisions that outperform heuristics such as LRU.
Specifically, given any two threadlets, the controller

ranks them (i.e., determines which should be scheduled first)
based on their runnable state, priority, deadline, and distance
from the round-robin pointer (Figure 6).
The controller selects the next threadlet to run only

from the small set of loaded ones, yielding two benefits.
Fast context switching. The first benefit is minimizing
context switching latency. As the states of both the current
and the next threadlet are already in the register file, con-
text switching is merely redirecting instruction fetch and
decode to the new threadlet, without any data movement.
Fast scheduling. The second benefit is that the scheduling
decision is only made among the loaded threadlets, rather
than a costly global comparison across all threadlets. The
controller uses a three-level compare-select tree to perform
the required comparison, costing at most two cycles.

Ifmore than eight threadlets are runnable, the controller
swaps threadlets between the register file and the memory
hierarchy as their scheduling status changes (e.g., when they
block or become runnable). As detailed next, Loom hides
much of this overhead through asynchronous swapping.
4.4 Asynchronous Swapping of Threadlets

Staged threadlet. A key optimization in Loom to hide
swapping overhead is a staging buffer that holds the state
of one additional threadlet, termed the staged threadlet.
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The staged threadlet is the highest-ranked threadlet
other than the loaded ones (i.e., the 9th-ranked threadlet),
and is therefore the most likely to be loaded next. With
the staged threadlet, when a threadlet’s rank changes,
Loom only needs to compare it with the staged threadlet
to maintain the set of loaded threadlets. In this way, Loom
forgoes the need to scan all threadlets.
Maintaining loaded threadlets. To ensure that the
eight top-ranked threadlets are loaded, the controller must
handle two key scenarios: 1) an unloaded threadlet is pro-
moted (e.g., by becoming runnable, being created, increasing
its priority, or decreasing its deadline); or 2) one of the loaded
threadlets is demoted (e.g., by blocking, etc.).

In scenario 1), a promotion emits a rank-change event,
which triggers the controller to compare the promoted
threadlet with the staged threadlet. If the promoted
threadlet has a higher rank, the controller swaps it with
the staged threadlet. This process is performed asyn-
chronously, without blocking the execution or scheduling of
the loaded threadlets, thereby hiding the swapping latency.
Next, the controller compares the new staged threadlet
with all the loaded threadlets for a potential swap.

For scenario 2), the controller compares the demoted
threadlet with the staged threadlet. If its rank is lower,
the controller swaps the two threadlets. Next, the con-
troller asynchronously compares the new staged threadlet
with the unloaded threadlets, which we detail in §4.4.1.
4.4.1 Microarchitecture Design

The controller includes the following specialized stor-
age components: 1) a threadlet policy table (TPT) that
stores each threadlet’s priority (2 bits) and deadline (16
bits, measured in scheduling ticks), totaling 1.2 KB for
512 threadlets; 2) a 9-bit current threadlet ID regis-
ter (CTID); 3) a 512-bit placement bitmap that tracks which
runnable threadlets are unloaded.

Deciding a new staged threadlet from unloaded ones is
a two-step process: First, the controller sequentially iterates
over unloaded runnable threadlets’ scheduling states to
find the one with the highest rank. Second, the controller
compares the winner with the current staged threadlet.
The first step operates as follows. The controller copies

the placement map to a temporary register, and initializes
a winner register to track the current winner threadlet.
Next, in each iteration, the controller 1) uses a find-first-
set (FFS) circuit to select an unloaded runnable threadlet
from the temporary register, 2) accesses the TPT to retrieve
the threadlet’s scheduling state, and 3) compares it with
the current winner to update the winner register if necessary.

The controller pipelines each step in the iteration. It runs
step 1 for the next threadlet while performing steps 2 and
3 for the current threadlet. Step 1 takes two cycles with a
hierarchical FFS partitioning the temporary register into 8
64-bit chunks, while steps 2 and 3 each take one cycle. Hence,

with, say, 64 unloaded threadlets, the latency is only 128
cycles. One could further trade area for lower latency by, e.g.,
comparing multiple threadlets in parallel.
4.5 Supporting Memory Notification

To support the memory notification interface (§3.4), Loom
adds a per-core address monitor table (MAT) that, logically,
stores the monitored address for each threadlet.

Loom supports the memory notification by snooping
cache coherence. The tlet_monitor instruction reads the
cache line containing the monitored address, brings it into a
local cache in the Shared/Exclusive state, and records a) the
address; and b) the threadlet ID in the MAT.
Upon a cache line invalidation, the local cache receives

the coherence message from the directory, and forwards
the cache line address to the MAT. The MAT matches the
invalidated address with its stored address and, upon amatch,
forwards the corresponding threadlet ID to the controller.
The controller then wakes up the corresponding threadlet.
MAT realization. There are two ways to realize the MAT. If
the size of the local cache is small (e.g., an L1 cache with tens
of KBs), Loom expands the cache tag array to store the 9-bit
threadlet ID for each cache line. If the size of the local cache
is large (e.g., an L2 cache with hundreds of KBs), Loom main-
tains a separate MAT next to the local cache, and uses the
physical address to look up the corresponding threadlet.
A 512-entry MAT is implemented as a set-associative struc-
ture to avoid comparing one incoming address against all
entries. With a typical 8-way implementation and 48-bit PAs,
a 512-entry MAT costs 2.8 KB of on-chip storage.
Spurious wakeups. Similar to MWAIT, if the monitored
cache line is evicted, the controller also wakes up the waiting
threadlet, causing a spurious wakeup.

We next perform a back-of-the-envelope analysis to esti-
mate its impact. The frequency of spurious wakeups depends
on how quickly new data enters the cache. Consider SPEC
CPU2017, a representative workload suite reported [73] to
incur about 8.1 private-cache (L2) misses per thousand in-
structions. Assuming a 3 GHz core with an IPC of 1, this
corresponds to about 1.6 GB/s of new data being brought
into the L2 cache, taking about 0.7 ms to fill a 1 MiB L2 cache.
Hence, spurious wakeups occur at a similar frequency, which
we consider infrequent for µs-scale threadlets.

One could further mitigate spurious wakeups by pinning
monitored cache lines (up to a per-set cap) or throttling
the execution of threadlets whose monitored lines are
frequently evicted.
4.6 Privilege and Protection

Privilege and address space. Loom associates each
threadlet with an address-space identifier (ASID), a page-
table base register (PTBR), and a privilege level. Loom keeps
this state on chip for loaded threadlets, and for unloaded
ones, saves it with the remaining context. Each in-flight in-
struction carries its threadlet ID and privilege level. The
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MMU uses the above metadata to select the matching address
space and check access permissions. Therefore, switching
a threadlet does not require rewriting the related control
registers or flushing unrelated in-flight instructions, thereby
minimizing overhead.
Defense against Meltdown and Spectre. For Meltdown,
Loom defends by preventing loads or stores from accessing
the L1D speculatively before a threadlet-ID-aware per-
mission check. For Spectre, Loom provides the same level
of security as the baseline core and does not introduce ex-
tra vulnerabilities. Existing mitigations, such as MuonTrap,
CleanupSpec, and Speculative Privacy Tracking (SPT), can
be applied to both Loom and the baseline core [1, 15, 85].
4.7 Implementation

We built Loom on a Xilinx FPGA by extending the Rocket
core [5], a five-stage, in-order, single-issue RISC-V CPU, with
16 KB L1 instruction and data caches, a 512 KB shared L2
cache, and 16 GB DRAM. We also built a multi-queue NIC
based on ICENET [14]. As the MMU in Rocket cores does
not support multiple ASIDs, in our prototype, threadlets
on the same core share the same address space.
Interrupt handling. Loom provides two interrupt han-
dling paths: a fast path for modern I/O using address moni-
toring (§4.5), and a slow path for conventional devices. For
the slow path, the OS registers a single interrupt-handler
threadlet, which is made runnable whenever an interrupt
arrives (see §5.1 for more details). The controller achieves
this by monitoring the interrupt signal. To avoid conflicts,
I/O devices in the fast path should not register interrupts.
4.7.1 Practical Considerations

Storage cost. The per-core on-chip storage cost of Loom is
around 5.8 KB, including an increase of 1.8 KB in the register
file, a 1.2 KB TPT (§4.4.1), and a 2.8 KB MAT (§4.5).
Area cost. The main contributors are the hardware sched-
uler, the read/write arbitration logic for the eight loaded slots,
and the TPT access arbitration logic. Other costs include the
scanner logic for maintaining the staged threadlet, the
replacement FSM, and the threadlet control instructions.
Power and timing overhead. Vivado reports 1) only a 5%
increase in total on-chip power and 2) that the critical path is
still in Rocket’s DTLB and L1D access logic. Because Loom
is not subject to a stringent latency constraint (in terms of
clock cycles), one can always perform retiming (i.e., adding
pipeline registers) to cut timing-critical paths.
Pipeline complexity. Loom incurs minimal pipeline com-
plexity, as the extra logic is only required for the following
two components: 1) PC generation logic, which must also
consider the threadlet scheduler’s output to allow a newly
selected threadlet to begin execution; and 2) the expanded
register file to store the context of each loaded threadlet.
Correctness and verification. Loom’s complexity can be
effectively controlled through the standard verification pro-

cess. Loom neither introduces complex execution mecha-
nisms (like OoO) nor significantly changes the core microar-
chitecture. Rather, it only combines existing simple building
blocks such as a (single-cycle) arbiter and a finite-state ma-
chine. The FPGA prototype further serves as a working proof
to show that this complexity is manageable.
4.8 Discussion

Integrating with SMT and OoO processors. We next dis-
cuss how to extend Loom to SMT and OoO processors. With
an N-way SMT core, the key change is to let the hardware
scheduler select up to N threadlets each cycle.
With an OoO core, Loom must include threadlet-

indexed rename state: committed rename table for every
loaded context and speculative rename state for threadlets
with in-flight instructions. An OoO core requires extra phys-
ical registers. Nevertheless, Loom only needs the extra phys-
ical registers for threadlets with in-flight instructions, so
the register file grows by a limited amount.
Limitations and future work. Loom currently does not
provide hardware support for migrating threadlets across
cores. Designing generic hardware support for this remains
an open question, and we implemented this task in software
with the scheduling threadlet (§5.1).

Loom does not target indirect costs of context switching,
such as cache/TLB misses and branch mispredictions. How-
ever, as quantitatively evaluated in prior work [57], cache-
related indirect costs do not dominate performance with a
locality-aware scheduling policy (e.g., by placing threads of
the same process on the same core). Thus, Loom can apply
a locality-aware policy to combat such indirect costs.

5 Use Cases: LoomOS

This section presents LoomOS, an OS that exploits Loom to
address a range of system challenges caused by threading,
as summarized in Table 4. We built LoomOS by extending a
small Rust OS [6] supporting RISC-V.

We present howLoomOSmanages threadlets (§5.1), and
how it uses Loom to enhance key OS components: network-
ing (§5.2), threadlet scheduling (§5.3), concurrency con-
trol (§5.4), and system call handling (§5.5). We also discuss
promising but unimplemented use cases (§5.6). In total, we
developed 9,517 LOC.
5.1 Threadlet Management

Table 3 summarizes threadlet’s management instructions.
Threading model. LoomOS unifies the interrupt-handler
threadlet (§4.7) and scheduling threadlet (§3.4) into a
single per-core event threadlet. To ensure responsiveness,
the event threadlet runs at the highest priority and always
resides in the register file, leaving 7 threadlets available
for other purposes. The event threadlet determines the
event type by reading a control register updated by Loom.
Threadlet creation/deletion. As in conventional de-
signs, LoomOS mediates threadlet creation and deletion.
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Instruction Semantics

tlet_create Create a threadlet. Input: program address.
tlet_exit Delete a threadlet. Input: threadlet ID.
tlet_wakeup Wake up a blocked threadlet. Input: threadlet ID.
tlet_yield Yield the core and trigger a rescheduling.
tlet_(un)monitor (Dis)Arm a virtual address.
tlet_wait Use together with tlet_monitor.
tlet_get(set)_reg Set (get) a threadlet’s register.

Input: threadlet ID, Src/Dst Register IDs.

tlet_reg_event Register a threadlet to wake up upon certain events.
Input: a threadlet ID and event ID(s).

tlet_acq(rel)_state Acquire (release) the core-shared states.
tlet_set_sched Set a threadlet’s 3-tuple scheduling parameters.

Input: threadlet ID and parameters.

Table 3: Threadlet management instructions. The return value is
stored in a0. Most inputs are encoded in the instruction.

Ctx Switch Scheduling T-T Notifi. D-T Notifi.

Networking ✓ ✓ ✓ ✓

Blocking Lock ✓ ✓ ✓ ✗

Thread Sched. ✓ ✓ ✗ ✗

System Calls ✓ ✗ ✓ ✗

TLB Shootdown* ✓ ✗ ✓ ✗

Microkernel IPC* ✓ ✗ ✓ ✗

Table 4: A summary of Loom’s use cases. *: not yet implemented.

Upon threadlet creation (e.g., via fork() or kernel back-
ground thread creation), LoomOS first prepares the thread
descriptor. It next invokes tlet_create passing the program
counter as input, and obtains a threadlet ID. It then ini-
tializes its architectural state and scheduling parameters
via tlet_set_reg and tlet_set_sched, respectively. Finally,
LoomOSmakes the threadlet runnable using tlet_wakeup.
Deletion mostly follows the reverse process.
Integration with the kernel. LoomOS currently runs tra-
ditional OS tasks (e.g., memory management and TCP/IP)
using privileged threadlets. Each background task is as-
signed a dedicated threadlet, running at a low priority.
These privileged threadlets run on a dedicated set of cores
rather than sharing cores with user threadlets (§5.5). We
leave a more advanced design for future work.
Cross-core migration. Policy-wise, LoomOS follows con-
ventional policies to assign threadlets to cores, considering
core load, CPU affinity, and hardware topology (e.g., NUMA).
Cross-core migration is also triggered in the rare case
where a core runs out of all 512 threadlets. Mechanism-
wise, LoomOS migrates a threadlet by 1) creating a new
threadlet on the target core, 2) copying the architectural
and scheduling state to it, and 3) deleting the original one.
Handling non-critical state. A threadlet context does
not include non-critical state (§3.3), such as floating-point
registers. Such state is shared among sibling threadlets on
a core. To use such state, a threadlet first acquires own-
ership of the corresponding unit, and then releases it after
use. There are two special instructions for this purpose (Ta-
ble 3); accessing state without acquiring ownership leads to
an exception. These two are privileged instructions, enabling
LoomOS to virtualize such state among threadlets.

5.2 Microsecond-Scale Networking

Motivation. We assume a conventional networking ar-
chitecture [39, 41, 53, 57], where a packet dispatcher core
1) receives NIC packets, and 2) forwards packets to worker
cores using a load-balancing policy [45]. Also, 3) low-priority,
best-effort tasks are co-located on these cores to utilize CPU
cycles when the networking workload is light.

Under this architecture, all four inefficiencies emerge. Step
1) involves device-to-thread notification, while step 2) leads
to thread-to-thread notification overhead. Step 3) leads to
context switching and scheduling overheads. Much prior
work proposes exciting designs to address these inefficien-
cies [39–41, 57, 108], yet they rely on, e.g., coroutines, user
threads, and polling, inheriting key drawbacks (§2.2, §2.3).
LoomOS. LoomOS comes with an efficient userspace
networking runtime: a dedicated core hosts a network-
ing threadlet, while other cores run multiple worker
threadlets and best-effort threadlets.

The networking threadlet efficiently receives packets by
monitoring NIC queues using the address monitoring mech-
anism (§3.5). It then processes packets through its protocol
stack and dispatches them to worker threadlets.

Each worker threadlet communicates with the network-
ing threadlet through shared memory, using the address
monitoring mechanism. In this way, they yield the core
to best-effort threadlets when no request is available.
Moreover, the worker threadlets are assigned a higher
priority than best-effort threadlets, ensuring responsive-
ness upon new networking requests. Finally, the worker
threadlet has a 5 µs scheduling time slice. Therefore,
it gets preempted upon long request processing, allowing
other worker threadlets to run, thereby minimizing tail
latency [39, 41, 57]. We evaluate this design in §6.3.
5.3 Fast Thread Scheduling with EEVDF

EEVDF background. EEVDF [98] is the default scheduling
policy in Linux. With EEVDF, each task is assigned 1) an
execution time slice, which is proportional to its weight (i.e.,
nice value); 2) a virtual runtime, i.e., the CPU time the task
has actually received (normalized by its weight); and 3) a
virtual deadline, i.e., the expected time when its next time
slice completes. EEVDF picks the next task in two steps. First,
it identifies eligible tasks, i.e., those whose virtual runtime is
less than the current virtual time,meaning that they have not
received their expected CPU time. Next, among all eligible
tasks, it picks the task with the earliest virtual deadline.
LoomOS realizes EEVDF as follows. Upon threadlet cre-
ation or deletion, LoomOS recalculates the execution time
slice, virtual runtime, and virtual deadline of each threadlet
to account for the resulting weight changes. The execu-
tion time slices, virtual runtimes, and virtual deadlines are
all calibrated in units of threadlet’s 32-cycle scheduling
ticks (§3.4), making them much finer-grained than Linux’s.

LoomOS uses tlet_reg_event to trigger the schedul-
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ing threadlet at the end of the current round, i.e., when
all runnable threadlets have exhausted their time slices.
Once triggered, the scheduling threadlet advances all
threadlets’ virtual runtimes and updates their virtual dead-
lines. LoomOS then identifies all eligible threadlets, pro-
grams their time slices and virtual deadlines into Loom
as the corresponding fields of the 3-tuple parameters via
tlet_set_sched, and rearms the scheduling threadlet.
Loom then runs the threadlet with the earliest virtual
deadline. LoomOS thus meets all key invariants of EEVDF.
5.4 Efficient Blocking Locks

Motivation. In the manycore era, the efficiency of synchro-
nization primitives, especially locks, is a critical performance
factor, leading to much research [19, 29, 31, 44, 48, 82].
Yet, the current threading model introduces a difficult

trade-off: if/when should a thread waiting for a lock yield the
CPU? The ideal design is to yield immediately on failing to ac-
quire the lock,maximizing CPU sharing, known as a blocking
lock. However, due to current threading inefficiencies (Ta-
ble 4), the status quo is largely opposite, where the waiting
thread simply keeps spinning and never yields [29, 44, 48].
LoomOS design. LoomOS comes with an efficient blocking
lock using Loom’s memory monitoring mechanisms. Instead
of spinning, a waiting threadlet yields the core while mon-
itoring the memory address that indicates when the lock
becomes available to it (e.g., the lock variable in a simple
spinlock). We implemented and evaluated the classical MCS
lock [64] based on the above design (§6.4).
5.5 Delegation-Style System Calls

Motivation. Conventional system call handling incurs two
kinds of overhead: 1) kernel trapping, and 2) cache and TLB
pollution. FlexSC [93] proposes a model that eliminates both
by dedicating a set of cores to handling system calls. Appli-
cations run on separate cores and communicate with system
call cores via shared memory. Linux’s io_uring [7] already
supports this model at a heavy cost: for efficiency, both sys-
tem calls and application threads spin for notifications.
LoomOS reaps FlexSC’s performance benefits without wast-
ing CPU. The user and kernel threadlets communicate
through shared memory, and they use Loom’s memory mon-
itoring mechanism, eliminating spinning.
5.6 Other Use Cases

Efficient TLB shootdowns. Most commodity hardware
does not provide TLB coherence, due to complexity. Thus,
upon page table changes, a core sends costly IPIs to remote
cores for TLB shootdown, which motivates prior work to
reduce IPI frequency [3,47,60] by, e.g., batching and/or defer-
ring TLB shootdowns. Though clever, these techniques are
error-prone and mitigate, rather than eliminate, IPI overhead.

We believe that Loom’s thread-to-thread notification more
directly addresses this problem. We envision assigning each
core a dedicated TLB-flush threadlet,which communicates

with its peers through the address monitoring mechanism,
thereby avoiding IPIs and the associated overhead.
Microkernel IPC. While the modularity of microkernels
offers many benefits, such as reliability, security, and fault
isolation, IPC overhead prevents their wide deployment. Soft-
ware solutions are either limited to a specific scenario (e.g.,
thread migration [23, 76]), or sacrifice modularity (e.g., plac-
ing multiple services in the same address space) [10, 77].
LoomOS. We expect that Loom can eliminate much of the
IPC overhead by adopting the approach in §5.5.

6 Evaluation

Our evaluation answers the following questions:
• How efficient is Threadlet context switching (§6.2)?
• How fast and flexible is Threadlet scheduling (§6.2)?
• Does Loom reduce the overhead of thread-to-thread
and device-to-thread notifications (§6.2)?

• How does LoomOS’s networking perform (§6.3)?
• Does LoomOS achieve lock efficiency (§6.4)?
• Does LoomOS improve syscall performance (§6.5)?

6.1 Evaluation Setup

Our evaluation uses FireSim [43], a cycle-accurate, FPGA-
accelerated simulator running on a Xilinx VCU118 board [2].
The simulated target is a four-core Rocket processor de-
scribed in Section 4.7, with an x86 host running a C++ switch
that connects client traffic to the target. The LoomOS experi-
ments use the Loom-enabled Rocket core, whereas the Linux
baseline runs Linux 6.6.0.
Limitations. Our evaluation is limited by the baseline
Rocket core, a simple in-order core that cannot capture ad-
vanced hardware effects, such as out-of-order execution,
hyperthreading, and performance constraints imposed by
power and thermal budgets.
6.2 Microbenchmark

Workload. Each run involves creating 8 thread(let)s on
one core. Each thread(let) spins for 10 µs and then yields.
For context switching, we report the cycles spent switching
architectural contexts after a yield.
Context switching. Figure 7(a) reports the context switch-
ing latency for LoomOS and Linux across 8 threads on a
core. LoomOS takes 17 cycles, compared with 728 cycles for
Linux. This reduction is because Loom’s register file stores
threadlet’s context (§4.3).
Scheduling. Figure 7(b) reports scheduling overhead us-
ing EEVDF. With LoomOS, it only takes 20 cycles to select
the next threadlet, while the policy maintenance in the
scheduling threadlet (§5.3) amortizes to 72 cycles per se-
lection with 8 threadlets. This leads to a total of 92 cycles,
which is 25× lower than Linux’s 2,315 cycles.

Figure 8 reports the throughput and scheduling over-
head as the number of thread(let)s varies. At 8 threadlets,
LoomOS delivers throughput of 99.2 KTPS, which is 1.34×
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that of Linux, while reducing scheduling overhead from 22%
to 0.8%. For LoomOS, increasing the number of threadlets
does not affect hardware scheduling overhead, whereas
Linux’s overhead increases significantly.
Notification. The thread-to-thread experiment places the
receiver on one core and the sender on another. The receiver
monitors an address and sleeps; the sender wakes it up by
writing to that address. The device-to-thread experiment
monitors a NIC descriptor’s completion bit, which the NIC
updates after its DMA write. We measure from the sender’s
store instruction or the NIC’s completion update until the
receiver resumes execution.
Figure 7(c–d) compares Loom with polling, IPI, and in-

terrupt. Loom achieves comparable performance to polling,
thanks to the direct coherence notification (§4.5). Compared
with IPIs (and interrupts), Loom reduces thread-to-thread
(and device-to-thread) notification latency by up to 84.9×
(and 16.0×, respectively).
Wakeup latency. A threadlet may experience delay after
wakeup or promotion while, e.g., waiting for the controller to
identify the staged threadlet or for its context to be loaded
from main memory.
We quantify this delay with two experiments. First,

we measure promotion-to-execution latency with 32–512
runnable threadlets on one core. In each of 1,000 trials,
we randomly promote one threadlet to the highest rank
and measure the time until it begins execution. The selected
threadlet runs an idle loop for 0.5 µs.

Figure 9(a) reports the results. With 512 threadlets, the
average and p99 latencies are 0.50 µs and 0.56 µs, respectively.
We next measure wakeup-to-execution latency with 32–

512 threadlets on one core. We drive this experiment
by capturing and replaying the DeathStarBench [27] trace.
Specifically, in the capture phase, upon a thread sleeping
and waking up, we record the timestamps to compute the
interval. With these intervals, we compute a distribution
by calculating the average and standard deviation. During

replay, each threadlet runs an idle loop for 0.5 µs and then
sleeps. Upon the sleep, we use the computed distribution to
decide the time for waking up the threadlet. We note that
multiple threadlets may wake up simultaneously in this
experiment, and thus, the latency may be higher than in the
promotion-to-execution experiment, which selects only one
threadlet to promote.

Figure 9(b) reports the results. With 512 threadlets, the
average and p99 latencies are 0.7 µs and 2.1 µs, respectively.
6.3 µs-Scale Networking

To demonstrate the efficiency of LoomOS with hardware
threadlet abstraction, we evaluate our design using several
workloads across use cases 1) network, 2) lock, and 3) syscall.
Baseline. We compare LoomOS with NanoPU [37], Shin-
juku [41], Shenango [75], and the Linux kernel stack using
polling. NanoPU delivers packets directly to registers and
uses hardware thread scheduling. Shinjuku and Shenango
are high-performance software-based userspace networking
runtimes. For Linux, we configure NAPI to poll for packets.
We do not include recent works [33, 40, 53, 54] that use

userspace interrupts, which the Rocket core does not sup-
port. However, we note that userspace interrupts still incur
sub-µs latency (§2.4), which is much higher than LoomOS’s
notification latency shown in Figure 7(c–d).
Configuration. We use four target cores. For Shinjuku,
Shenango, and LoomOS, one core runs the networking and
three cores run the application. For NanoPU, all four cores
run applications, as NanoPU handles all networking in
hardware. In LoomOS, each application core runs 8 worker
threadlets with a dedicated request queue, while the Linux
version, Shenango, and Shinjuku each dedicate one worker
thread to every worker core. The Linux and Shenango work-
ers finish each assigned request before taking another, while
Shinjuku centrally schedules preemptible request contexts
onto these workers.
Workloads. We use synthetic server workloads and an in-
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memory key-value store, which is a simplified version of
LMDB [16]. The synthetic server spins for each request’s
service time, following [39, 57]. Bimodal uses 50% 1 µs re-
quests and 50% 100 µs requests. Heavy-tailed uses 99.5%
1 µs requests and 0.5% 100 µs requests. The LMDB workload
contains 99.5% GET operations and 0.5% SCAN operations;
a SCAN takes approximately 1,000× as long as a GET.

Figures 10(a–b) show the results for synthetic workloads.
On Bimodal, LoomOS reaches 1.3× Shinjuku’s, 1.5× Linux
polling’s, and 1.3× Shenango’s maximum throughput. On
Heavy-tailed, the improvements are 3.5×, 53.1×, and 6.5×,
respectively. For LMDB, Figure 10(c) shows that the respec-
tive throughput gains are 3.4×, 47.0×, and 8.25×. These gains
are from all four aspects of improvements shown in Figure 7.
Sensitivity analysis and scalability. Figure 12 reports
results with 4, 8, and 16 worker threadlets per core. Maxi-
mum throughput changes less than 10% across these config-
urations, showing that Loom’s results are relatively stable.
Figure 10(d) scales the number of LMDB workload cores

from 1 to 3 (total cores: 2 to 4). Relative to one worker core,
two and three worker cores improve throughput by approxi-
mately 1.9× and 2.7×, respectively.
CPU resource sharing. We next colocate latency-critical
(LC) networking tasks with best-effort (BE) tasks, where we
add one BE thread(let) per core that performs idle looping.
Figure 11(a) shows that the tail latency of LC tasks in-

creases significantly under both Linux and Shenango upon
colocation. Figure 11(b) reports BE throughput normalized
to running the task alone. With a 10 µs p99 latency, LoomOS
achieves 600 KRPS while retaining 37% BE throughput.
6.4 Efficient Blocking Locks

Baseline. For locking, we compare LoomOS with 1) the
mutex lock in the Linux kernel, 2) MCS-B, a blocking variant

of the MCS lock [64], and 3) a blocking lock implemented in
Argobots [87], a user-space threading runtime. All threads
contend for one lock with a 10 µs critical section. We use
four cores and distribute the thread(let)s evenly.
Figure 13 reports throughput (i.e., completed critical sec-

tions per second) and average latency (i.e., the average inter-
val from one unlock to the next successful acquisition). With
32 thread(let)s, LoomOS reduces latency by 28.5×, 17.1×, and
26.5× over Linux mutex, Argobots, and MCS-B, respectively,
while delivering 2.17×, 1.67×, and 1.93× their throughput.
Moreover, as the number of threadlets increases from 4
to 32, LoomOS’s average latency increases by 28.6%, while
throughput changes by less than 1%.
Figure 14(a) breaks down the latency for the 4-core, 4-

thread configuration. The LoomOS blocking lock completes
a hand-off in 277 cycles, with only 40.1% of the latency spent
on operations other than the unlock itself, owing to efficient
notification, fast context switching, and hardware scheduling.
In comparison, the other baselines incur substantially higher
hand-off overheads, and their fractions of latency spent out-
side the unlock operation are 72.1% to 94.2%.
6.5 Delegation-Style System Calls

Figure 14(b) shows the improvement of LoomOS in system
call performance. We measure the average latency of a sys-
tem call, from issuance in user space to the start of kernel
processing, as well as from the end of kernel processing to
when the result is received in user space. LoomOS reduces
overhead by 46.2% compared with the traditional system
call in Linux, while only slightly increasing the overhead
compared with the polling version in Linux, due to its ef-
ficient thread-to-thread notification mechanisms. In these
two phases, the primary overhead in LoomOS comes from
writing the parameters or results into shared memory.
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7 Related Work

Our work is heavily inspired by the seminal vision paper
from Barroso et al. [8], which proposes: 1) supporting many
hardware threads per core with fast context switching; and
2) an I/O thread that yields the CPU and waits for device no-
tifications using memory-monitoring interfaces. Humphries
et al. [34] propose more detailed proposals, leading to many
new interesting designs. The most relevant ones include: 1)
expanding the register file and/or leveraging caches for stor-
ing hardware threads’ architectural state; and 2) these two
ideas enable various use cases, including a new I/O model
that replaces polling/interrupts, and microkernel IPC.

Compared with these prior high-level proposals, our con-
tribution is 1) to answer two key research questions nec-
essary for turning these proposals into practical systems;
and 2) to provide a concrete design with detailed analysis
and evaluation. First, these two works do not address the
central challenge of supporting many threads per core. In
contrast, our analysis reveals a key insight: the number of
runnable threads is often small (§4.3). This insight enables
Loom to support 512 threadlets per core with a moder-
ately sized register file and a staging threadlet (§4), rather
than requiring a huge register file. Second, while these two
works (and others; see §2.4) propose hardware scheduling, it
remains unclear how hardware should preserve flexible OS
scheduling policies. Loom addresses this challenge through
a combination of 1) the 3-tuple scheduling parameters (§3.4),
which serve as a hardware fast path (§4.3), and 2) the schedul-
ing threadlet, offering a software slow path. Finally, we
propose and evaluate new use cases (§5), such as concurrency
control and a complete network runtime.
Hardware threading. We view threadlets (and Loom)
as fundamentally different from existing hardware threading
techniques (and multithreaded processors) for the following
reasons. First, they target different problems. threadlets
solve system problems (§5) by removing software threads
from the critical path. In contrast, hardware threading
reaps microarchitectural performance benefits by maximiz-
ing pipeline utilization by, e.g., hiding memory stalls. Sec-
ond, they are different abstractions. threadlets come with
OS scheduling semantics (§3.4) and manageability (e.g.,
threadlet creation/deletion; see Table 3) that hardware
threads lack. Indeed, threadlets and hardware threads are

complementary, and they can coexist as explained in §4.8. Fi-
nally, they are different in architectural design. In particular,
we do not expand register files to support many threadlets,
while most hardware threading techniques do [92, 102, 103].
Scheduler activations [4] share with threadlet the goal
of bridging the abstraction mismatch between units of exe-
cution and computing resources. The key difference is that
Loom downloads the thread abstraction to hardware, while
scheduler activations expose the virtual processor abstrac-
tion to user-level software. Therefore, scheduler activations
remain a software-only solution and cannot achieve the high
performance of Loom, which leverages hardware support.
In addition, as its name suggests, scheduler activations only
address the scheduling problem, while Loom additionally
addresses 1) context switching, and 2) notification (§2.1).

8 Conclusion

This paper presents threadlet, a new hardware abstrac-
tion, and Loom, its co-designed architecture, which together
address the four long-standing inefficiencies in the current
threading model. Our key insight is that the basic units of
execution (namely threads) should be supported directly by
hardware rather than by software as an extra level of in-
direction. As one way to realize this insight, we propose
the threadlet abstraction with three key properties: 1) a
minimized, deliberately chosen execution context, 2) simple
yet expressive scheduling primitives, and 3) full OS manage-
ability via dedicated instructions. Moreover, Loom’s design
effectively scales to hundreds of threadlets by exploiting
the observation that, at any given time, only a small number
of threadlets are runnable. With that, Loom delivers a prac-
tical hardware design, by only slightly expanding the register
file, while effectively hiding the memory access latency. Eval-
uation shows that, across various domains, Loom improves
performance by 3× to 47× on real-world applications.
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