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背景 
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 HPCシステムの複雑化 

 並列性の増大 

 コア数とノード数 

 メモリ階層数の増大  

 電力制約 

 アプリケーションの複雑化 

 新しいプログラミングモデルの導入 

 例：In-situデータアナリティクス、 
      ワークフロー 

 周辺ソフトの複雑化 

 

   これらの要件を同時に満たせるか？  

少数のコアをOS専用としても，そのオーバヘッドは無視で
きる（1/32コアで3パーセント） 

Linux APIを用いて開発されること 
が多いため、Linux との互換性が重要 

スケーラブルで安定した性能の提供と 
新ハードウェアへの迅速な追従が必要 
（従来はAPIを絞ったLight-Weight Kernelで対応） 



アプローチ（1）引き算アプローチ 
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LinuxからHPC性能を阻害する要因を除去 

• OSノイズの除去 

• 例：デーモン、タイマ割り込み 

• メモリ管理の簡略化 

• スケジューラの簡略化 

 

HPC OS 
 
 
 

簡易 
メモリ管理 

不完全なLinux API 

ネット 
ワーク 

ドライバ 

簡易 
スケジューラ 

 
 
 
 
 スケジューラ 

メモリ管理 

Linux 

TCP  
スタック 

デバイス 
ドライバ 

完全なLinux API 

VFS 

ファイル 
システム 
ドライバ 

• 阻害要因除去を徹底すると完
全なLinux APIサポートができ
なくなる 

• Linuxカーネル変更への 
追従が困難 

“Stripped down Linux”  
アプローチ 
• 例：ZeptoOS, Cray’s Extr. Scale 

Linux, Fujitsu’s Linux,  



アプローチ（2）足し算アプローチ 
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• スクラッチから作成した軽量カーネル 
(Light-Weight Kernel, LWK)から始める 

• スケーラビリティを損なわないように機能を追加して
Linux APIに近づける 

• 例 

• システムコール 

• /procファイルシステム 

• ダイナミックリンクライブラリ 

• スレッドのコアへのオーバーサブスクリプション 

“Enhanced LWK” 
アプローチ 

例：Catamount, CNK, 
 Kitten 

 
HPC OS 

 
 
 

不完全なLinux API 

 
 
 
 
 
 

軽量カーネル 

Co-operative  
スケジューラ 

限定されたAPI 

ネット 
ワーク 

ドライバ 

簡易 
スケジューラ 

簡易 
メモリ管理 

限定された 
メモリ管理 

• 完全なLinux APIサポートがで
きなくなる 

• デバイスドライバの 
新規開発が必要 



Linuxカーネルの問題点 
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 Linux はころころ変わる 

 頻繁かつ大胆に変わる 

 Linux カーネルを改変し，かつ，catch-up するのは非常に大変 

 多様なハードウェア 

 次々に現れるデバイスハードウェア 

 デバイスドライバの作成にはH/Wの詳細な情報が不可欠 

 Linux カーネルを改造するのは非常に大変 

 プロダクトとしては不可能に近い 

 しかしながら，言語環境，実行環境は Linux を継承したい 

 環境も作るのは大変 

 Linux API/ABI との互換性をどのように実現するか？ 

 「足し算」や「引き算」アプローリでは無理 



我々のアプローチ 合わせ技アプローチ 
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LinuxとLWKのハイブリッド 

 資源を２つのパーティションに分けLinuxとLWKを並列動作、 
またHPCアプリをLWK上で動作 

→性能安定性・スケーラビリティ・新ハードウェアへの迅速な追従 

 OSサービスの一部をLWKで実行、他をLinuxにオフロード 

→Linux APIサポート 

 
 
 
 
 
 

LWK 

完全なLinux API 

 
 
 
 
 

Linux 

完全なLinux API 

メモリ 
… … 

システム 
デーモン 

? 

 
 

HPCアプリケーション 

Partition Partition 

 
 In-situアナリティクス 

O
S
ノ

イ
ズ

要
因

の
L
W

K
か

ら
の

隔
離

 

CPU CPU CPU CPU 

割り込み 

カーネル 
デーモン 



McKernel のアーキテクチャ 
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1. Interface for Heterogeneous Kernels (IHK): 複数の異種OSを持つためのフレームワーク 

 ノード資源のパーティショニング 

 LWKの管理（例：カーネルの起動、停止) 

 LWKとLinuxの間の通信機構（Inter-kernel communication, IKC)の提供  

2. McKernel: スクラッチから開発されたHPC向けLWK 

 ノイズレス 

 性能クリティカルなシステムコールのみMcKernelで動作、他はLinuxにオフロード 



McKernelの評価 (1) 
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 ノイズの計測（FWQ） 

 

 

 

 

 

 MapReduce on Linux 
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(a) Linux+cgroup
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(b) McKernel
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(c) Linux+cgroup with Hadoop

0.E+00%

1.E+04%

2.E+04%

3.E+04%

4.E+04%

5.E+04%

6.E+04%

7.E+04%

1
%

4
0
%

7
9
%

1
1
8
%

1
5
7
%

1
9
6
%

2
3
5
%

2
7
4
%

3
1
3
%

3
5
2
%

3
9
1
%

4
3
0
%

4
6
9
%

(d) Linux+cgroup+isolcpus with
Hadoop
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(e) McKernel with Hadoop

Figure 5. FW Q noise measurements for L inux and M cKernel with and without competing Hadoop workload.

run them on McKernel and we used the exact same binaries
for measurements running on top of Linux and our stack.
Furthermore, we have done no modifications to the MPI

library either and access to the Infiniband network is assured
by McKernel’s transparent device driver support.

We were curious to assess mainly two aspects of
IHK/McKernel. First, we compare the scalability of various
micro-benchmarks and mini applications depending on the
underlying operating system (Linux versus McKernel), both
in terms of absolute runtime as well as in performance
variation across multiple runs. Second, we seek to character-
ize McKernel’s ability to provide consistent performance of
HPC simulations in face of in-situ, competing workloads.
Co-locating data analytics with HPC has been reportedly
gaining importance [2] and this study focuses on the ability
of the operating system to avoid interference by the analytics
workload and to ensure noiseless execution environment for
HPC simulations. In addition, part of our experiments is
demonstrating to what extent Linux can succeed in isolating
operating system noise depending on various configuration
options. It is worth emphasizing that we do not focus on the
in-situ workload itself and we simply deploy representative
data analytics applications. Investigating, for instance, how
far Hadoop performance is affected by co-located simu-
lations falls outside the scope of this paper. Furthermore,
we do not explicitly deal with communication between the
simulation and in-situ processes and simply assume that a
straightforward shared memory segment would be sufficient.

In order to provide fair comparison, in all experiments
that contrast Linux and McKernel it is ensured that ap-
plications run on the exact same set of CPU cores and
use the same NUMA memory domain for both operating
systems. Specifically, HPC simulations are always bound to
the physical memory and CPU cores of NUMA node one,
running either on Linux or McKernel, while Hadoop runs on
Linux bound to NUMA node zero (unless stated otherwise).
W hen running IHK/McKernel, this arrangement translates
to running McKernel on top of 9 CPU cores in NUMA
node one and assigning the remaining single core to the
proxy process. It is also worth pointing out that Infiniband
is exclusively used by HPC simulations and Hadoop utilizes
Gigabit Ethernet so that network traffic between the two
types of workloads is completely isolated.

B. Results

1) Single Node OSNoise: The first set of experiments we
performed was to compare OS noise of Linux and McKernel
both with and without in-situ workloads. We used the Fixed
Work Quantum (FWQ) test from the ASC Sequoia Bench-
mark Codes [18]. The FWQ benchmark measures hardware
and software interference by repetitively performing a fixed
amount of work (the work quanta), measuring the time
necessary to complete the task.

We measured multiple 30 seconds intervals and report the
values where OS noise was the most significant, because
we are interested in the worst case scenario. Figure 5
indicates the results. We ran five configurations. In the
measurements without in-situ workloads we simply compare
RedHat Linux and McKernel (shown in Figure 5a and Figure
5b, respectively). W hile in case of McKernel IHK explicitly
reserves CPU cores and memory for the LW K, for Linux
we used the cg r oup facility to ensure the tests run under the
same hardware conditions. As seen, although Linux provides
a fairly low OS noise when idle, McKernel’s values are
virtually constant. This was expected, because McKernel
runs no device drivers, it is tickless and features only a co-
operative scheduler, which together eliminate any undesired
asynchronous kernel events.

W hat is more interesting, however, is to assess the effect
of an in-situ, competing workload. We co-locate Hadoop
in this test and compare two Linux configurations with
McKernel. The Linux+cgroup setup indicates that FWQ is
pinned to specific CPU cores, but there is no restriction
on where Hadoop processes execute. On the other hand,
for the Linux+cgroup+isolcpus scenario we use the Linux
kernel’s i s ol cpus kernel argument to exclude specific CPU
cores from the core Linux scheduler. FW Q is then ex-
plicitly run on those cores. The expected effect of this
configuration is much better performance isolation, because
Linux is prohibited to schedule any processes on the des-
ignated cores (unless it is explicitly instructed to do so
via cg r oup or t askset , etc.). As seen, the Linux+cgroup

configuration (Figure 5c) is most effected by the Hadoop
workload experiencing up to 16X slowdown compared to
the expected value. Linux+cgroup+isolcpus (Figure 5d) does
improve the situation by a good margin, but it still shows
significant variation. On the other hand, as shown in Figure

Linux (+cgroup) McKernel 
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(a) Linux+cgroup
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(b) McKernel
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(c) Linux+cgroup with Hadoop
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(d) Linux+cgroup+isolcpus with
Hadoop
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(e) McKernel with Hadoop

Figure 5. FW Q noise measurements for L inux and M cK ernel with and without competing Hadoop workload.

run them on McKernel and we used the exact same binaries
for measurements running on top of Linux and our stack.
Furthermore, we have done no modifications to the MPI

library either and access to the Infiniband network is assured
by McKernel’s transparent device driver support.

We were curious to assess mainly two aspects of
IHK/McKernel. First, we compare the scalability of various
micro-benchmarks and mini applications depending on the
underlying operating system (Linux versus McKernel), both
in terms of absolute runtime as well as in performance
variation across multiple runs. Second, we seek to character-
ize McKernel’s ability to provide consistent performance of
HPC simulations in face of in-situ, competing workloads.
Co-locating data analytics with HPC has been reportedly
gaining importance [2] and this study focuses on the ability
of the operating system to avoid interference by the analytics
workload and to ensure noiseless execution environment for
HPC simulations. In addition, part of our experiments is
demonstrating to what extent Linux can succeed in isolating
operating system noise depending on various configuration
options. It is worth emphasizing that we do not focus on the
in-situ workload itself and we simply deploy representative
data analytics applications. Investigating, for instance, how
far Hadoop performance is affected by co-located simu-
lations falls outside the scope of this paper. Furthermore,
we do not explicitly deal with communication between the
simulation and in-situ processes and simply assume that a
straightforward shared memory segment would be sufficient.

In order to provide fair comparison, in all experiments
that contrast Linux and McKernel it is ensured that ap-
plications run on the exact same set of CPU cores and
use the same NUMA memory domain for both operating
systems. Specifically, HPC simulations are always bound to
the physical memory and CPU cores of NUMA node one,
running either on Linux or McKernel, while Hadoop runs on
Linux bound to NUMA node zero (unless stated otherwise).
W hen running IHK/McKernel, this arrangement translates
to running McKernel on top of 9 CPU cores in NUMA
node one and assigning the remaining single core to the
proxy process. It is also worth pointing out that Infiniband
is exclusively used by HPC simulations and Hadoop utilizes
Gigabit Ethernet so that network traffic between the two
types of workloads is completely isolated.

B. Results

1) Single Node OSNoise: The first set of experiments we
performed was to compare OS noise of Linux and McKernel
both with and without in-situ workloads. We used the Fixed
Work Quantum (FWQ) test from the ASC Sequoia Bench-
mark Codes [18]. The FWQ benchmark measures hardware
and software interference by repetitively performing a fixed
amount of work (the work quanta), measuring the time
necessary to complete the task.

We measured multiple 30 seconds intervals and report the
values where OS noise was the most significant, because
we are interested in the worst case scenario. Figure 5
indicates the results. We ran five configurations. In the
measurements without in-situ workloads we simply compare
RedHat Linux and McKernel (shown in Figure 5a and Figure
5b, respectively). W hile in case of McKernel IHK explicitly
reserves CPU cores and memory for the LW K, for Linux
we used the cg r oup facility to ensure the tests run under the
same hardware conditions. As seen, although Linux provides
a fairly low OS noise when idle, McKernel’s values are
virtually constant. This was expected, because McKernel
runs no device drivers, it is tickless and features only a co-
operative scheduler, which together eliminate any undesired
asynchronous kernel events.

W hat is more interesting, however, is to assess the effect
of an in-situ, competing workload. We co-locate Hadoop
in this test and compare two Linux configurations with
McKernel. The Linux+cgroup setup indicates that FWQ is
pinned to specific CPU cores, but there is no restriction
on where Hadoop processes execute. On the other hand,
for the Linux+cgroup+isolcpus scenario we use the Linux
kernel’s i s ol cpus kernel argument to exclude specific CPU
cores from the core Linux scheduler. FW Q is then ex-
plicitly run on those cores. The expected effect of this
configuration is much better performance isolation, because
Linux is prohibited to schedule any processes on the des-
ignated cores (unless it is explicitly instructed to do so
via cg r oup or t askset , etc.). As seen, the Linux+cgroup

configuration (Figure 5c) is most effected by the Hadoop
workload experiencing up to 16X slowdown compared to
the expected value. Linux+cgroup+isolcpus (Figure 5d) does
improve the situation by a good margin, but it still shows
significant variation. On the other hand, as shown in Figure

Linux (+cgroup) McKernel Linux (+cgroup+isolcpus) 



McKernelの評価 (2) 
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 Linux 側にMapReduce を走らせ，McKernel 側で HPCプログラム
を実行した時の HPC プログラムの実行時間 
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Figure 9. The effect of competing Hadoop workload on var ious M iniApp performance. Note that for clarity, Y axis of the right side figures does
not scale from zero.

HPC application running on the LW K cores. This property
has been also one of the main driver for the McKernel model.
From more recent hybrid kernels, one of the most similar

efforts to our work is Intel’s mOS project [9], [14]. The most
important difference between McKernel and mOS is the way
how LW K and Linux are integrated. mOS takes a path of
much stronger integration with the intention of minimizing
LW K development and to directly take advantage of the
Linux infrastructure. Nevertheless, this approach comes at
the cost of Linux modifications and an increased complexity
of eliminating OS noise.
Hobbes [12] is one of the DOE’s ongoing Operating

System and Runtime (OS/R) framework for extreme-scale
systems. The central theme of the Hobbes design is to ex-
plicitly support application composition, which is emerging
as a key approach for applications to address scalability
and power concerns anticipated with coming extreme-scale
architectures. Hobbes also makes use of virtualization tech-
nologies to provide the flexibility to support requirements
of application components for different node-level operating
systems and runtimes. At the bottom of the software stack,
Hobbes relies on K itten [8] as its LW K component, on top of
which Palacios [22] is in charge to serve as a virtual machine
monitor. As opposed to IHK/McKernel , Hobbes separates
Linux and K itten at the PCI device level, which imposes
difficulties both for providing a full POSIX API and the
necessary driver support in the LW K.

Argo [10] is another DOE OS/R project targeted at appli-
cations with complex work flows. Argo envisions using OS
and runtime specialization (via enhanced Linux containers)
inside compute nodes. In Argo’s architecture, each node
may contain a heterogeneous set of compute resources,
a hierarchy of memory types with different performance
(bandwidth, latency) and power characteri stics. Given such
a node architecture, Argo expects to use a ServiceOS like
Linux to boot the node and run management services. It then
expects to run different container instances that cater to the
specific needs of applications.

Operating System Noise: OS noise has been shown to
be a key limiter of application scalability in high-end sys-
tems. For example, Beckman et. al investigated the effect
of OS jitter on collective operations and concluded that
performance is often correlated to the largest interruption
to the application [24]. Ferreira et. al used a kernel-based
noise injection mechanism to characterize the effect of OS
noise on application performance [25], while Hoefler et. al
used a simulation to study the same subject [26]. Although
these studies help to understand OS noise in a standalone
setting, we are focusing on hybrid kernels and in particular,
on the effect of in-situ workloads. A very recent study has
investigated similar issues in the context of the Hobbes
project [15], due to the lack of device drivers in the K itten
LW K, however, the authors could only provide single node
measurements when using their lightweight kernel.

IPDPS16への投稿論文から 



McKernelのAPI/ABI 
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 HPC向けLWK 
 ノイズレス 
 Linux API/ABI サポート 

 Linux Test Projectのテストスイートは，ほぼ100%パス 

• 上記以外のシステムコールはLinuxに移譲 

分類 実装済み 実装予定 

プロセス管理 arch_prctl, clone, execve, exit, exit_group, 
fork, futex, get_cpu_id, getpid, get{u,g}id, 
gete{u,g}id, getres{u,g}id, getppid, gettid, 
kill, pause, ptrace, rt_sigaction, rt_sigpending, 
rt_sigprocmask, rt_sigqueueinfo, rt_sigreturn, 
rt_sigsuspend, set_tid_address, set{u,g}id, 
setre{u,g}id, setres{u,g}id, setfs{u,g}id, 
setpgid, sigaltstack, tgkill, vfork, wait4, 
waittid 

{get,set}rlimit, 
{get,set}_thread_area, 
rt_sigtimedwait, signalfd, 
signalfd4 

メモリ管理 brk, madvise, mincore, mlock, mmap, mprotect, 
mremap, msync, munlock, munmap, 
process_vm_{readv,writev}, remap_file_pages, 
set_robust_list, shmat, shmctl, shmdt, shmget 

{get,set}_mempolicy, 
{get,set}_robust_list, mbind, 
migrate_pages, mlockall, 
modify_ldt, move_pages, 
munlockall 

スケジュール getcpu, gettimeofday, nanosleep, 
sched_getaffinity, sched_setaffinity, 
sched_yield 

alarm, {get,set}itimer, 
settimeofday, time, times 

パフォーマンスカ
ウンタ 

Original functions: 
   pmc_init, pmc_start, pmc_stop, pmc_reset 

PAPI functions 
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Argo (Argonne National Laboratory) mOS (Intel) 

Hobbes (Sandia National Laboratories) SPPEXA (TU Dresden)  

プロジェクト 
Linuxカーネル 

変更要否 

Linux用デバイス 
ドライバの軽量 

カーネルからの利用 

カーネル 
レベル 

での隔離 

Linux APIの完
全な 

サポート 
開発難易度 

Argo 必要 Yes No Yes 小 

mOS 必要 Yes No Yes 小 

Hobbes 不要 No Yes No 大 

SPPEXA (L4+Linux) ? ? Yes No? 大? 
IHK/McKernel 不要 Yes Yes Yes 大 
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 Xeon Phi 上でも動作 
 Knights Corner (KNC) 現行のメニーコアCPU 
 Knights Landing (KNL) 次期メニーコアCPU 

 Linux+McKernel 

 LinuxコアでMapReduce，McKernelコアで並列アプリという動作でも，
Linux だけよりも性能独立性が高い 

 McKernel 

 Linuxよりはるかに単純なので，変更，機能追加が容易 

 近い（？）将来 

 ヘテロなメニーコアへの対応 
 メニーコアは高並列処理 

- カーネルの動作は低い並列性，逐次要素が大きい 

 ヘテロなメニーコア 

- 少数の逐次処理に特化したコア：Linux 

- 多数の並列処理に特化したコア：McKernel 

 複雑なメモリシステムや電力制限にも対応予定 
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One more thing… 
15 

 MPI規格書の日本語訳 

 PCCCの支援を受け，理研AICSのメンバーが翻訳に携わる 

 翻訳にあたり，MPI Forum に確認済み 

 ”Unofficial Version” 

 見つけた間違い，内容の確認も MPI Forum へ報告，確認済み 

 MPI 2.2 日本語訳初版（652ページ！約1年！） 

 http://www.pccluster.org/ja/mpi.html 

 印刷？ 

 引き続き，MPI 3.1(?) の翻訳も開始する予定 

http://www.pccluster.org/ja/mpi.html
http://www.pccluster.org/ja/mpi.html

