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In PCクラスタワークショップ
in 大阪2015（2015年2月）
•新しい並列実行モデル：PVAS（ピーヴァス）
•プロセスでもない、スレッドでもない
•プロセス並列とスレッド並列の
「いいとこ取り」

•欠点
• Linux カーネルを入れ替える必要あり
•センター運用されている場合は、不可能

•なんとかユーザレベルで実現できないだろうか？
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[復習] PVAS [ピーヴァス]
•Partitioned Virtual Address Space
•プロセスとスレッドの中間的なもの
•実行の単位を「PVASタスク」と呼ぶ
•変数は全てPVASタスク固有
•しかしながら、同じアドレス空間なので、
共有したければ共有できる
•普通に Load/Store 命令でアクセスできる
ため高速
•共有部分のみ、必要なら排他制御
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[復習] プロセスとスレッドの中間
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[復習] PVASを用いたMPIの実装
• PVASを用いることで
ノード内通信の効率化
• 高速、かつ
• 省メモリ
• なぜ？
• 1copyで通信可能
• ページテーブルが小さ
くて済む

• CPUコア数が大きい程
有利
• メニーコア
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マルチスレッドの問題
•排他制御のコストが無視できない
•このグラフは MPICH のコンフィグレーショ
ンを変えた時の性能の差
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アイデア自体は古くからある
•プロセスからのアプローチ
•新しい OS カーネル：Kitten OS/smartmap
• カーネルモジュール：XPMEM
• Linux にパッチ：PVAS
•スレッドからのアプローチ
•コンパイラ／プリプロセッサで、変数を
「非」共有にする
• MPC（仏CEA）
• Thread-based MPI
• TOMPI、TMPI、などなど
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ユーザレベル実装
•PVAS 同様の機能を Linux の標準機能のみを
使って実現できることが判明
• clone() と dlmopen()
•「プロセスの中に複数のプロセスがある」
➡︎ “Process-in-Process” (PiP)
• PVAS に変わる新しい名称
•以降で、PiP の機能を検証する
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メモリマップ
•PiP で3プロセスを実行した時のメモリマップ
の例：同じライブラリが複数ロードされているMemory Map of PIP

8

555555554000-555555556000 r-xp 00000000 00:25 51650383 /PIP/PIP/test/basics/basic
555555755000-555555756000 r--p 00001000 00:25 51650383 /PIP/PIP/test/basics/basic
555555756000-555555757000 rw-p 00002000 00:25 51650383 /PIP/PIP/test/basics/basic
555555757000-555555778000 rw-p 00000000 00:00 0  [heap]
7fffe8000000-7fffe8021000 rw-p 00000000 00:00 0
7fffe8021000-7fffec000000 ---p 00000000 00:00 0
7ffff0000000-7ffff0021000 rw-p 00000000 00:00 0
7ffff0021000-7ffff4000000 ---p 00000000 00:00 0
7ffff4b24000-7ffff4c24000 rw-p 00000000 00:00 0
7ffff4c24000-7ffff4c27000 r-xp 00000000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff4c27000-7ffff4e26000 ---p 00003000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff4e26000-7ffff4e27000 r--p 00002000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff4e27000-7ffff4e28000 rw-p 00003000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff4e28000-7ffff4e2a000 r-xp 00000000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff4e2a000-7ffff5029000 ---p 00002000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff5029000-7ffff502a000 r--p 00001000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff502a000-7ffff502b000 rw-p 00002000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff502b000-7ffff502e000 r-xp 00000000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff502e000-7ffff522d000 ---p 00003000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff522d000-7ffff522e000 r--p 00002000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff522e000-7ffff522f000 rw-p 00003000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff522f000-7ffff5231000 r-xp 00000000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff5231000-7ffff5430000 ---p 00002000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff5430000-7ffff5431000 r--p 00001000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff5431000-7ffff5432000 rw-p 00002000 00:25 51650383 /PIP/PIP/test/basics/basic
7ffff5432000-7ffff5435000 r-xp 00000000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5435000-7ffff5634000 ---p 00003000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5634000-7ffff5635000 r--p 00002000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5635000-7ffff5636000 rw-p 00003000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5636000-7ffff5639000 r-xp 00000000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5639000-7ffff5838000 ---p 00003000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5838000-7ffff5839000 r--p 00002000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff5839000-7ffff583a000 rw-p 00003000 00:25 51408038 /PIP/GLIBC/libdl-2.17.so
7ffff583a000-7ffff5850000 r-xp 00000000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5850000-7ffff5a50000 ---p 00016000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5a50000-7ffff5a51000 r--p 00016000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5a51000-7ffff5a52000 rw-p 00017000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5a52000-7ffff5a56000 rw-p 00000000 00:00 0
7ffff5a56000-7ffff5a6c000 r-xp 00000000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5a6c000-7ffff5c6c000 ---p 00016000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5c6c000-7ffff5c6d000 r--p 00016000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff5c6d000-7ffff5c6e000 rw-p 00017000 08:03 1574997 /usr/lib64/libpthread-2.17.so

7ffff5c6e000-7ffff5c72000 rw-p 00000000 00:00 0
7ffff5c72000-7ffff5e28000 r-xp 00000000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff5e28000-7ffff6028000 ---p 001b6000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff6028000-7ffff602c000 r--p 001b6000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff602c000-7ffff602e000 rw-p 001ba000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff602e000-7ffff6033000 rw-p 00000000 00:00 0
7ffff6033000-7ffff61e9000 r-xp 00000000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff61e9000-7ffff63e9000 ---p 001b6000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff63e9000-7ffff63ed000 r--p 001b6000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff63ed000-7ffff63ef000 rw-p 001ba000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff63ef000-7ffff63f4000 rw-p 00000000 00:00 0
7ffff63f4000-7ffff63f5000 ---p 00000000 00:00 0
7ffff63f5000-7ffff6bf5000 rw-p 00000000 00:00 0  [stack:10641]
7ffff6bf5000-7ffff6bf6000 ---p 00000000 00:00 0
7ffff6bf6000-7ffff73f6000 rw-p 00000000 00:00 0  [stack:10640]
7ffff73f6000-7ffff75ac000 r-xp 00000000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff75ac000-7ffff77ac000 ---p 001b6000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff77ac000-7ffff77b0000 r--p 001b6000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff77b0000-7ffff77b2000 rw-p 001ba000 08:03 1574971 /usr/lib64/libc-2.17.so
7ffff77b2000-7ffff77b7000 rw-p 00000000 00:00 0
7ffff77b7000-7ffff77cd000 r-xp 00000000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff77cd000-7ffff79cd000 ---p 00016000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff79cd000-7ffff79ce000 r--p 00016000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff79ce000-7ffff79cf000 rw-p 00017000 08:03 1574997 /usr/lib64/libpthread-2.17.so
7ffff79cf000-7ffff79d3000 rw-p 00000000 00:00 0
7ffff79d3000-7ffff79d6000 r-xp 00000000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff79d6000-7ffff7bd5000 ---p 00003000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff7bd5000-7ffff7bd6000 r--p 00002000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff7bd6000-7ffff7bd7000 rw-p 00003000 00:25 51408475 /PIP/PIP/lib/libpip.so
7ffff7bd7000-7ffff7bda000 r-xp 00000000 08:03 1574977 /usr/lib64/libdl-2.17.so
7ffff7bda000-7ffff7dd9000 ---p 00003000 08:03 1574977 /usr/lib64/libdl-2.17.so
7ffff7dd9000-7ffff7dda000 r--p 00002000 08:03 1574977 /usr/lib64/libdl-2.17.so
7ffff7dda000-7ffff7ddb000 rw-p 00003000 08:03 1574977 /usr/lib64/libdl-2.17.so
7ffff7ddb000-7ffff7dfc000 r-xp 00000000 08:03 1581458 /usr/lib64/ld-2.17.so
7ffff7edc000-7ffff7fe0000 rw-p 00000000 00:00 0
7ffff7ff7000-7ffff7ffa000 rw-p 00000000 00:00 0
7ffff7ffa000-7ffff7ffc000 r-xp 00000000 00:00 0  [vdso]
7ffff7ffc000-7ffff7ffd000 r--p 00021000 08:03 1581458 /usr/lib64/ld-2.17.so
7ffff7ffd000-7ffff7ffe000 rw-p 00022000 08:03 1581458 /usr/lib64/ld-2.17.so
7ffff7ffe000-7ffff7fff000 rw-p 00000000 00:00 0
7ffffffde000-7ffffffff000 rw-p 00000000 00:00 0  [stack]
ffffffffff600000-ffffffffff601000 r-xp 00000000 00:00 0 [vsyscall]

Program

glibc

16年12月20日火曜日
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ページテーブルの大きさ
•128 MiB のデータをノード内のプロセスで共
有した時、ページテーブルの大きさを比較
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プロセス切り替えの時間
•同一コア上で、50プロセスを走らせて、プロセ
ス切り替えを発生させる（それぞれ1,000回）
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TLBミス回数の比較
•前ページと同じ条件の時の dTLBミス回数を比
較する
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Figure 9: Total Page Table Size

Figure 9 shows the result of this microbenchmark, com-
paring the total PT sizes for PiP tasks, Pthreads and regular
processes over the number of child tasks. Figure 9 clearly
demonstrates the relationship described in Table 3. As seen,
regular processes have close to linear increase in PT memory
consumption as the shared segment requires private map-
pings in each process. On the other hand, PiP tasks exhibit
scalability similar to Pthreads.
possible OBJECTION: use hugepages instaad !!

Table 4: Number of load_cr3 function calls
PIP Pthread Fork
74.1 53.0 794535.4

While page table sharing is expected behavior of PiP, elim-
ination of context switches may depend on OS implementa-
tion. The following experiment verifies that context switches
are indeed eliminated in Linux. Table 4 shows the number
of load_cr3 Linux kernel function calls measured by using
systemtap (version 3.0/0.166) [18]. The load_cr3 function
is used for setting the root of a new PT to the CR3 register
of an x86 CPU [28]. When a context switch takes place,
the register is updated to the new page table root. As a
result, the first level cache which is indexed by virtual ad-
dress and all TLB entries are invalidated. This implies a
certain amount of overhead due to the context switch [30].
In this evaluation program (based on the program in [43]),
one child task is created and there are two futex variables
between the root and child running on the same CPU core.
Each task waits on a futex and unlocks the other, resulting in
frequent context switching. In between the two futex calls,
memcpy()ing 32 KiB bytes is carried out. Each child task
repeats this 1,000 times. Pthreads and PiP tasks share the
same PT between the root and PiP tasks, while regular pro-
cesses do not. As expected, the number of context switches
in case of PiP and Pthread are insignificant compared to
that of regular processes.
Figure 10 shows the numbers of dTLB misses measured

by the perf tool (version 3.10.0-327.36.3.el7.x86 64.debug).
The same benchmark program as described above was used
and 120 samples are plotted. Since there is a wide spread in
the number of TLB misses, the graph is drawn as a scattered
graph. The key observation is that when there is no context
witching the number of TLB misses remains low. Again,

PI
P-

lo
ad

PI
P-

st
or

e

Th
re

ad
-lo

ad

Th
re

ad
-s

to
re

Fo
rk

-lo
ad

Fo
rk

-s
to

re

0E+0

1E+6

2E+6

3E+6

4E+6

5E+6

6E+6

# 
dT

LB
 M

is
s 

Ev
en

ts

Figure 10: dTLB Miss

the figure successfully demonstrates that from a TLB miss
perspective PiP behaves similarly to Pthreads, eliminating
the cost of context switches that regular processes otherwise
impose.
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Figure 11: Context Switch

Finally, the result of the same benchmark which is to mea-
sure the context switch overhead itself is shown in Figure 11
over the memcpy() size. The overhead of context switch in
this figure is defined as, CTXSWov = Tmemcpy−with−ctxsw−
Tmemcpy−without−ctxsw, where Tmemcpy−with−ctxsw is the time
of memcpy() with having explicit context switches and Tmemcpy−without−ctxsw

is the time of memcpy() without having explicit context switches.
As shown in this figure too, PiP behaves more like Pthread.

From the evaluation results of Figure 9, Table 4, Figure 10
and Figure 11, it is concluded that PiP root and PiP tasks
share the same PT.

6.2.1 Spawn
The final microbenchmark is to measure the time of spawn-

ing child tasks. Figure 12 compares the time to spawn 15
tasks by using PiP, Pthread, fork() & exec(), vfork() &
exec and posix_spawn(). There are two loops, one for cre-
ating tasks, and another is to wait for the children’s finish.

load_cr3関数はLinux (x86)
でアドレス空間を切り替える
際に呼ばれるカーネル関数
副次的に、キャッシュやTLB
が無効になり、オーバヘッド
が大きい
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プロセス生成の時間
•同じコア上で15プロセス／スレッドを生成する
のに要した時間の比較
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mmap/munmap 時間の評価
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アプリの実行時間の比較
•PiP上でのアプリ実行で遅くなることはない
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PiPのまとめ

Performance ViewPerformance View
Context Switch Thread

Page Table Process
mmap/munmap Thread

Functional ViewFunctional View
Address Space Thread

PID, wait(), exit() Process
Signal Process

File Descriptors Process*
Session Process

* depending on clone() flag setting* depending on clone() flag setting
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共同研究
•米アルゴンヌ研究所
•Casper + PiP
•仏 CEA
•MPC + PiP
•米テネシー大学
•Open MPI + PiP
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最後に
•現在 PiP を用いた論文を執筆中
•採択されたらすぐに公開（オープンソース）
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