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This paper presents the design and implementation of a nanothreading interface in
the kernel of the Linux operating system for Intel Architecture-based symmetric
multiprocessors. The objective of the nanothreading interface is to achieve robust
performance of multithreaded programs and increased throughput in multipro-
grammed shared memory multiprocessors, where multiple parallel and sequential
programs with diverge characteristics and resource requirements execute simulta-
neously. The interface lets a multithreading runtime system and the kernel ex-
change critical scheduling information through loads and stores in shared memory,
in order to enable parallel programs to adapt to dynamically changing resources
and minimize their idle time. The same interface enhances the capability of the
kernel scheduler to allocate resources evenly between competing programs. We
discuss the main design and implementation issues concerning the nanothreading
interface and provide experimental evidence which substantiates the efficiency of
our implementation.

1 Introduction

Small-scale symmetric multiprocessors (SMPs) based on commodity Intel mi-
croprocessors are widely adopted as high performance and cost-effective com-
pute servers. Proprietary and freeware operating systems for TA-based servers
are SMP-compliant and provide operating system support for multithreading,
typically implemented on top of kernel-level execution vehicles (EVs)® that
share the same address space. At the same time, SMP-compliant operating
systems support transparent multiprogramming, through time and space shar-
ing of the system processors and memory.

The integration of multithreading with multiprogramming has been a hot
spot in high performance computing research during the last decade®. Since
modern SMPs are heavily multiprogrammed, the need for achieving scalability
of parallel programs under multiprogramming is intensified’. The burden of

@We use the more general term ezecution vehicle instead of the term kernel thread, to cope
with the inconsistencies in threads terminology between different operating systems.
bIn this paper the term scalability is used in a broad sense, to characterize the ability of a



effectively integrating multithreaded programs in multiprogrammed environ-
ments is shared between the operating system and the runtime system layers.
Unfortunately, most multithreading runtime systems are oblivious of multi-
programming and most SMP-compliant operating systems are oblivious of the
fine-grain interactions between threads in multithreaded programs. This lack
of coordination between runtime systems and operating systems has proven to
be severely harmful for the performance of both individual applications and
systems as a whole.

This work addresses the problem of integrating parallel programs in mul-
tiprogrammed environments, via the use of a lightweight shared memory inter-
face, called the nanothreading interface”, which lies between a multithreading
runtime system and the operating system kernel. The nanothreading inter-
face implements a communication infrastructure that enables a multithreaded
program to automatically and transparently adapt to changes of the system
resources allocated to it from the operating system at runtime. Adaptability
is attained by matching the granularity of user-level threads to the number of
processors available to the program at runtime and resuming maliciously pre-
empted threads that execute on the critical path of the parallel computation.
The same interface, used in the opposite direction, assists the kernel scheduler
to apply sophisticated resource distribution strategies, by taking into account
the actual resource requirements and the exploitable parallelism of each paral-
lel program. The kernel gracefully grants parallel programs the authorization
to use their EVs in the most effective way, while it maintains the responsibility
of distributing system resources evenly. Put simply, the kernel acts like an
advisory rather than as an explicit coordinator of the concurrency of parallel
programs. The nanothreading interface architecture is adaptable and extensi-
ble, as it is not based on operating system or architecture-specific mechanisms.
It thus promises to be a viable alternative for the effective integration of mul-
tiprocessing and multiprogramming in contemporary operating systems.

We present the main design and practical issues regarding the implemen-
tation of the nanothreading interface in the Linux operating system. These
include the shared memory interface, mechanisms for processor allocation and
affinity scheduling of nanothreaded jobs, mechanisms for fast resuming of mali-
ciously preempted threads and the integration of the nanothreading jobs sched-
uler with the native time-sharing kernel scheduler. Our working prototype runs
in Linux version 2.0.36 and is integrated with a user-level threads library that
uses compiler knowledge to match the number of running user-level threads
to the number of EVs granted to the program by the kernel . We provide

parallel program to sustain robust and predictable performance when the load of the system
due to multiprogramming is increased.



results from experiments with multiprogrammed workloads consisting of par-
allel jobs. The results show that the nanothreading Linux kernel achieves solid
throughput improvements of up to 41% compared to the native Linux kernel.

The rest of this paper is organized as follows: Section 2 overviews the
design and implementation of the nanothreading kernel interface. Section 3
provides experimental results and Section 4 discusses related and ongoing work.

2 Nanothreading Kernel Interface Design and Implementation

Three design principles guide the implementation of the nanothreading ker-
nel interface. The first principle is that parallel programs should communicate
with the kernel through loads and stores in shared memory in an asynchronous
manner, since shared memory is the most efficient communication medium on
a SMP. The second principle is that each parallel program should be armed
with mechanisms that assist the program to effectively utilize the available
processors and execute through the critical path, in the presence of preemp-
tions of EVs from the operating system and blocking system calls. The third
design principle is that the scheduler of the adaptive nanothreading programs
should be seamlessly integrated with the native time-sharing scheduler of the
operating system.

The nanothreading shared memory interface is organized around a shared
arena®”. Each multithreaded program reserves a portion of memory in its
address space, which is shared between the program and the kernel. Care is
taken so that the shared arena is situated in a single memory page. The pages
containing shared arenas are pinned to physical memory in order to avoid
paging out critical scheduling information at runtime. The shared arena is
logically divided into a read-only and a read-write region. In the read-write
region, each multithreaded program stores requests for processors, which are
guided from the degree of parallelism that the program can effectively exploit
and may vary during execution. In the same region, the program designates
its EVs as workers, or idlers, depending on whether the EVs have user-level
threads to execute in their run queues or not.

The processor requirements of a parallel program can be different from
the number of processors allocated from the operating system to the program
at runtime. The instantaneous number of physical processors allocated to
each program is kept up-to-date from the kernel, which stores the associated
information in the read-only region of the shared arena. A nanothreading
program retrieves snapshots of this field by polling the shared arena whenever
it initiates a parallel execution phase. In this way, the program is able to
arrange its parallelism by creating as many user-level threads as the actual



instantaneous number of physical processors allocated to it from the operating
system. The read-only region is also used by the kernel in order to communicate
the number of undesirably preempted EVs to the program.

A virtual memory page in the Intel x86 architecture can be either read-only
or read-write. In order to achieve both goals of using one memory page per
application for the shared arena and protecting read-only information from
accidental overwriting, the kernel keeps a private copy of the shared arena
page and trusts only the data residing on it. The read-write region of the
kernel copy is updated each time the application loses control of a processor.
The read-only region of the application copy is updated when the operating
system scheduler selects an EV belonging to that application to be given a
processor for the next time quantum. The application copy is updated with a
copy-on-write strategy to avoid some expensive TLB flushes.

The disposition of the shared arena page in the application’s virtual ad-
dress space is communicated to the kernel via a system call. This system call
informs the kernel that the application uses the nanothreading interface and
serves as a request to the kernel to create as many EVs as the application
expects to use during its execution lifetime. All EVs needed are created at
once, using a modified version of the native kernel code for cloning. This re-
duces the overhead of multiple system calls and results to significantly faster
EV creation. The return address in the kernel stack of each created EV is set
to point to the function the EV must upcall to when running for the first time
i.e. the threads runtime library scheduler loop. The newly created EVs are not
unblocked until the kernel decides to grant some processors to the application.

The assignment of runnable EVs to applications is a duty of the nanoth-
reads kernel-level scheduler, which is invoked in four cases: when a nanoth-
reading application leaves or enters the system, when an application changes
its processor requirements and upon expiration of the nanothreads scheduler
time quantum. The scheduling takes place in three phases. During the first
phase, the scheduler decides how many runnable EVs will be assigned to each
nanothreading application. A dynamic space sharing policy is used for this
purpose 8. Each program is granted processors according to the number of
processors it requests and the overall system load. The second phase results to
an indirect assignment of physical processors to the nanothreading applications
selected in the first phase. More specifically, the nanothreading applications
are granted the right to compete with other, non-nanothreading applications,
for some specific processors. This strategy is used to integrate the nanoth-
reading jobs scheduler with the native time-sharing scheduler of the operating
system. In other words, the nanothreading jobs scheduler is solely responsi-
ble for deciding how many and which specific processors should be allocated
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