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Performance of Parallel Program
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Performance of Parallel Program
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Execution Time  = Sequential Execution Time(10) + 10000/# of CPUs + Comm. Time (5)

Strong Scaling: How the performance is improved if # of CPUs is 
increased with fixed problem size
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Performance of Parallel Program
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Execution Time  = Sequential Execution Time(10) + 10000/# of CPUs + Comm. Time (5+log(#ofCPUs)*5)
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Performance of Parallel Program: Weak Scaling
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Performance of Parallel Program: Summary

• Strong Scaling
– How the performance is improved if # of CPUs is increased 

with fixed problem size
– Communication time (latency) is the key for scalability
– Sequential execution time becomes dominant

• Weak Scaling
– How much problem size is increased with increasing # of 

CPUs such that  the execution time is same
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What is MPI Standard

• MPI Standard does specify API (Application Program Interface)
– Functions such as MPI_Send and MPI_Receive
– Symbols such as MPI_COMM_WORLD and MPI_SUCCESS

• MPI Standard does not specify runtime parameters for tuning 
communication performance

• MPI Standard does not specify BPI (Binary Program Interface)
– Representations of Symbols

• MPI Standard does not specify Communication Protocol

• As a result, the executable MPI program compiled under a specific MPI 
implementation can only run on the same MPI implementation environment.

• Thus, it is important which MPI implementation you use in your environment.

2013/08/09 9:00～10:30

http://www.mpi-forum.org/
http://meetings.mpi-forum.org/
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Various MPI Library Implementations
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FT-MPI
University of Tenessee

Fault Tolerance

Intel MPI

MPICH
Argonne National Laboratory

MPICH2
Argonne National Laboratory

Open MPI

MPICH/SCore
PCCC

MPICH-G2
Northern Illinois 
University
Grid-enabled MPI

PACX-MPI
(Non-native MPI)

HLRS
Heterogeneous
 Environment

LA-MPI
Los Alamos

National Laboratory
Fault Tolerance

LAM/MPI
Indiana University

MVAPICH
Ohio State University
Infiniband

MPICH-V
University Paris Sud
Fault-Tolerant

Microsoft MPI

YAMPI
University of Tokyo

GridMPI
AIST under the contract

of NaReGI

Derived System
Merged

MVAPICH2
Ohio State University
Infiniband
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MPI Layered Implementation Structure and Network Hardware
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Device Interface
OFED GMSocket Shmem

TCP
IP

UDP

MPI Core (Point-to-Point)
Collective and others

Ethernet Infiniband Myrinet
OFED: Device driver for Infiniband (IB) network

PCI Express

GT/sec encoding Gbit/sec

Gen1 2.5 8B/10B 2

Gen2 5 8B/10B 4

Gen3 8 128B/130B 7.877

4xFDR IB 14 Gbps (8B/10B)x4 = 5.6 GByte/sec

Throughput
(Gbyte/sec) 

Latency
(usec)

RDMA

1/10G 
Ethernet

0.125/1.25 10～ NO
Infiniband (IB) 4 ～2 YES

l RDMA (Remote Direct Memory Access): Remote 
memory is directory accessed without CPU handling

Network Interface
e.g., Infiniband

CPU

IOH
Memory

Network Interface
e.g., Infiniband

CPU

IOH
Memory

Network Interface
e.g., Infiniband

CPU

IOH
Memory

Network Interface
e.g., Infiniband

CPU

IOH
Memory

l Regular Communication

Comm. buffer

Copy

Copy
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IOH: I/O Hub
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「京」の MPI（OpenMPI ベース）

12
FUJITSU. 63, 3, p. 299-304 （05, 2012） 299

あらまし

スーパーコンピュータ「京」のような超並列システムにおいてアプリケーション性能を
高めるためには，計算ノード間の通信をいかに高速に実行するかが鍵となる。この通信
をつかさどるのがMPI（Message Passing Interface）通信ライブラリと低レベル通信で
ある。
本稿では，スーパーコンピュータ「京」に導入した新規アーキテクチャであるTofuイン

ターコネクトの性能を引き出し，ペタスケールアプリケーションの実行性能を高めるた
めのMPI通信ライブラリと高性能で細かな制御を可能とする低レベル通信機構の実装，
およびこれらの性能について述べる。

Abstract

The key to raising application performance in a massively parallel system like the K 
computer is to increase the speed of communication between compute nodes.  In the K 
computer, this inter-node communication is governed by the Message Passing Interface 
(MPI) communication library and low-level communication.  This paper describes the 
implementation and performance of the MPI communication library, which exploits 
the new Tofu-interconnect architecture introduced in the K computer to enhance 
the performance of petascale applications, and low-level communication mechanism,  
which performs Àne-grained control of the Tofu interconnect.  

● 志田直之　　　● 住元真司　　　● 宇野篤也

スーパーコンピュータ「京」の
MPIと低レベル通信

MPI Library and Low-Level Communication on the K computer
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京の Tofu Network Interface (TNI)

13
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Inside MPI: Basic

• Eager Protocol
– When a message send primitive is posted, the message is immediately 

sent to the receiver
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Inside MPI: Basic

Rank 1 Rank 2

Rank 0
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Inside MPI: Basic

Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

Rank 0

Summer School 2013 13

13年8月8日木曜日



2013/08/09 9:00～10:30

Inside MPI: Basic

Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

A message contains communicator, source, destination, tag, and 
communicator in addition of data

Rank 0 dst(0) src(2) tag(2) comm(C1)       data
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Inside MPI: Basic

Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

A message contains communicator, source, destination, tag, and 
communicator in addition of data

Rank 0
The message is copied from a 
communication buffer to a message buffer

dst(0) src(2) tag(2) comm(C1)       data

src(2) tag(2) comm(C1)       data
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Inside MPI: Basic

Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0 dst(0) src(1) tag(4) comm(C1)       data
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

src(1) tag(4) comm(C1)        data

Rank 0
The message is copied from a 
communication buffer to a message buffer

dst(0) src(1) tag(4) comm(C1)       data

Summer School 2013 14

13年8月8日木曜日



2013/08/09 9:00～10:30

Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
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Rank 0
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Inside MPI: Basic
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2, C1, &stat);
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Inside MPI: Basic

Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0

Posted
Queue

Unexpected
Queue
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Inside MPI: Basic

Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0

MPI_Irecv(buf1, SIZE, MPI_DOUBLE, 1, 2, C1, &req);

Posted
Queue

Unexpected
Queue

buf1:                 
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MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0

MPI_Irecv(buf1, SIZE, MPI_DOUBLE, 1, 2, C1, &req);

Posted
Queue

Unexpected
Queue

src(1)  tag(2) comm(C1)   pointer to 
buf1 buf1:                 

Summer School 2013 16

13年8月8日木曜日



2013/08/09 9:00～10:30

Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

Rank 0

MPI_Irecv(buf1, SIZE, MPI_DOUBLE, 1, 2, C1, &req);

Posted
Queue

Unexpected
Queue

src(1)  tag(2) comm(C1)   pointer to 
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);
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Unexpected
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src(1)  tag(2) comm(C1)   pointer to 
buf1
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buf1:                 
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);
MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

src(2) tag(4) comm(C1)        data

src(1) tag(4) comm(C1)        data

Rank 0
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Unexpected
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copybuf1:                 
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1
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Inside MPI: Basic

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);
Rank 1

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2 C1, &stat);
MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 4, C1, &stat);

Rank 2

src(2) tag(2) comm(C1)       data

src(1) tag(4) comm(C1)        data

Rank 0

MPI_Irecv(buf1, SIZE, MPI_DOUBLE, 1, 2, C1, &req);

Posted
Queue

Unexpected
Queue

src(1)  tag(2) comm(C1)   pointer to 
buf1

MPI_Recv(buf2, SIZE, MPI_DOUBLE, 2, 4, C1, &stat); buf2:                 

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2, C1, &stat);

buf1:                 
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Matching
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Matching
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src(1)  tag(2) comm(C1)   pointer to 
buf1

MPI_Recv(buf2, SIZE, MPI_DOUBLE, 2, 4, C1, &stat); buf2:                 

MPI_Send(buf, SIZE, MPI_DOUBLE, 0, 2, C1, &stat);

buf1:                 
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Matching

Copy

In stead of copying the message to a message 
buffer, the data is directly copied to the area 
specified by the program
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Inside MPI: Basic

• Eager Protocol
– When a message send primitive is posted, the message is immediately 

sent to the receiver
– If MPI_Irecv or MPI_Recv has been posted before the corresponding 

message arrives, the message may be directly copied to the area 
specified at the receive primitive.

– If no receive primitive has been posted, the message is copied to a 
buffer managed by the MPI library. This means 

• An extra copy overhead from the buffer to the area specified at the 
receive primitive

• If the message size is too large, the memory area for buffering 
cannot be allocated

• MPI Implementation employs another communication protocol called 
Rendezvous

2013/08/09 9:00～10:30 Summer School 2013 19
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Inside MPI: Rendezvous

• Rendezvous Protocol
– When a send primitive is issued, a control 

message is sent to the receiver.
– When a receive primitive is issued, another 

control message is sent to the sender.
– The sender sends data to the receiver.
– RDMA (Remote DMA)

• Using the rendezvous protocol, the sender 
may transfer data to the receiver using the 
RDMA facility if the network interface has the 
RDMA capability

• RDMA needs the receiver’s physical memory 
address

• The rendezvous protocol involves extra messages to 
synchronize  the sender with the receiver. Adding 
latency, but data transfer throughput is faster than the 
eager protocol

Sender

send Control Message

recv

Data transfer

Control Message

Receiver

2013/08/09 9:00～10:30 Summer School 2013 20

If the receiver always specifies the 
sender rank at a MPI receive 
primitive, receiver may initiate 
rendezvous protocol.
Fujitsu implements it and it is 
called “Hasty Rendezvous”.
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Rendezvous プロトコルの改良 (Hasty Protocol)

• もし受信側が先だった場合
– MPI_ANY_SRC でない
–（かつMPI_ANY_TAG でもない）
–受信側が送信側に送信を促すこと
ができる

–この方が早い

23

Sender

send Control Message

recv

Data transfer

Control Message

Receiver
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Tips

• The most MPI implementations provide both eager and rendezvous 
protocols. The protocol is changed according to the message size and can 
be specified by the environment variable.
– MPICH2:  MPIDI_CH3_EAGER_MAX_MSG_SIZE
– MVAPICH: MV2_IBA_EAGER_THRESHHOLD, MV2_VBUF_TOTAL_SIZE
– OpenMPI: I_MPI_EAGER_THRESHOLD (256KB in default)
– Fujitsu MPI: btl_tofu_eager_limit (13312 ＋ ホップ数 × 296 in default)

• mpiexec -mca btl_tofu_eager_limit 128000 ./a.out
or
• export OMPI_MCA_btl_tofu_eager_limit=128000

• The receive primitive, MPI_Irecv, should be posted as soon as possible in 
order to get a chance to
– eliminate extra data copy in the eager protocol
– reduce the communication latency in the rendezvous protocol
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Polling vs. Blocking (or Interrupting)

• When a message has not arrived at the MPI_Recv/
MPI_Wait function, there are two types of waiting methods: 
Polling and Waiting (or Interrupt)

• Polling
– MPI library continues to check whether or not a new 

message arrives until the message arrives
– It achieves low latency, but
– It consumes the CPU resource.
– That is, though the programmer thought the thread 

might wait for a message and some thread would have 
a chance to run, it could not run immediately

• Blocking (or Interrupting)
– MPI library waits for a new message if no messages 

arrive
– When a new message arrives, the network device 

generates an interrupt signal to the CPU. At the 
interrupt, the device driver is invoked and eventually the 
execution of MPI library is resume.

– NO CPU consumption is needed during MPI library 
wait, but it has higher latency than the polling method

2013/08/09 9:00～10:30 Summer School 2013

.
MPI_Irecv(…)
.
.
phread_cond_signal(..);
MPI_Wait(…);
.
.

pthread_cond_wait(…);
.

.

Thread

Thread

22

e.g., polling is default in MVAPICH2 
MV2_USE_BLOCKING=1  enables 
the blocking mode. 

e.g., OpenMPI has two modes:  
aggressive and degraded. If MPI 
processes more than cores run, the 
communication progress is under 
the degraded mode, it may yield the 
core to others.
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MPI in Blocking Mode

26
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Fujitsu MPI Tips

• MPI_Irecv通信高速化の可能性： Hasty rendezvous protocol
– mpiexec –mca pml_ob1_use_hasty_rendezvous 1 ./a.out

• Point-to-point通信高速化の可能性
– mpiexec –mca common_tofu_max_tnis 4 ./a.out

• MPI statistics
– mpiexec -mca mpi_print_stats 1 ./a.out
– mpiexec –mca mpi_print_stats 2 –mca mpi_print_stats_ranks 1,4,8 ./

a.out
• MPI_Isendにおける送信完了前送信バッファ変更検査

– mpiexec –mca mpi_check_buffer_write 1 ./a.out

2013/08/09 9:00～10:30 Summer School 2013 23
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MCAパラメーターmpi_print_statsに値1を指定した場合のMPI統計情報の出力例

28
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Overlapping Communication and Computation

2013/08/09 9:00～10:30 Summer School 2013

do {
     /* local computation */
     /* communicaiton */
} while (…);

t

do {
/* local comp.  and nonblocking comm.1/4 */
/* local comp.  and nonblocking comm.2/4 */
/* local comp.  and nonblocking comm.3/4 */
/* local comp.  and nonblocking comm.4/4 */
/` wait for completion */
} while (…);

Overlapping Communication and Computation

The typical parallel program

Does MPI really support overlapping communication and 
computation ?   MPI_Irecv and MPI_Isend

………;   MPI_Irecv(…); MPI_Isend(…);
………;   MPI_Irecv(…); MPI_Isend(…);
………;   MPI_Irecv(…); MPI_Isend(…);
………;   MPI_Irecv(…); MPI_Isend(…);
MPI_Waitall(…);

24
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Overlapping Communication and Computation
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P0
P1
P2
P3

tdo {
/* local comp.  and nonblocking comm.1/4 */
/* local comp.  and nonblocking comm.2/4 */
/* local comp.  and nonblocking comm.3/4 */
/* local comp.  and nonblocking comm.4/4 */
/` wait for completion */
} while (…);

P0

P1

Overhead
Latency

Breakdown

Overhead

P0
P1
P2
P3

t

P0
P1
P2
P3

t

P0
P1
P2
P3

t

t

do {
/* local comp */ MPI_Irecv(…), MPI_Isend(…..):
/* local comp */ MPI_Irecv(…), MPI_Isend(…..):
/* local comp */ MPI_Irecv(…), MPI_Isend(…..):
/* local comp */ MPI_Irecv(…), MPI_Isend(…..):
MPI_Waitall(…)
} while (…);
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Tips

• Overlapping Communication and Computation is a 
key to carry out strong scaling, but

• Fragmented communications will incur additional 
overhead which depends on communication library 
implementation

• Computer Scientists have been studying on better 
language constructs or facilities with overlapping 
communication and computation

2013/08/09 9:00～10:30 Summer School 2013 26
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Other Tips: Persistent Communication

• Whether or not the persistent communication 
achieves better performance is implementation 
dependent, but it is much readable (I think).

2013/08/09 9:00～10:30

MPI_Recv_init((buf, count, MPI_DOUBLE, src, tag, 
MPI_COMM_WORLD, &req[1]);

MPI_Send_Init(buf, count, MPI_DOUBLE, dest, tag, 
MPI_COMM_WORKD, &req[0]);

for  (I = 0; …….) {
    /` `/
MPI_Startall(2, req);
MPI_Waitall(2, req, stat);
}

for (I = 0; …..) {
/* …. */
MPI_Irecv(buf, count, MPI_DOUBLE, src, tag, 

MPI_COMM_WORKD, &req[0]);
MPI_Isend((buf, count, MPI_DOUBLE, dest, tag, 

MPI_COMM_WORLD, &req[1]);
MPI_Waitall(2, req, stat);
}
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Persistent Communication (永続通信）の2つの利点 

• MPI_XXX_init 時にのみ通信を開始するオーバ
ヘッドが発生する

• 京や BG/Q のように複数のチャネルがある時
に有利
– MPI_Startall に渡された Request の実際の処理の
順序は任意（仕様）

–複数の送信要求を複数の RDMA にスケジューリン
グが可能で、有効利用できるため

33
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京の Tofu Network Interface (TNI) - [再掲]

34
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Other Tips: Nonblocking Message

• The programmer might think that it is enough to wait for the 
completion of receiving messages.

• But this program leaks memory
– When a nonblocking send/receive operation is issued, the MPI 

runtime reserves an internal structure (object) for data transfer.
– The object can be only deallocated at MPI_Wait/MPI_Iwait.

• The following program is OK, but the code cannot get the send 
errors

2013/08/09 9:00～10:30

void communication() {
….
for (i = 0; i < n; i++) {
     MPI_Isend(sbuf[i], count, MPI_DOUBLE, dst[i], tag, comm, &sreq);
     MPI_Irecv(rbuf[i], count, MPI_DOUBLE, src[i], tag, comm, &rreq[i]);
}
MPI_Waitall(n, rreq, stat);
}

Summer School 2012

void communication() {
….
for (i = 0; i < n; i++) {
MPI_Isend(sbuf[i], count, MPI_DOUBLE, dst[i], tag, comm, &sreq);
MPI_Request_free(&sreq);
MPI_Irecv(rbuf[i], count, MPI_DOUBLE, src[i], tag, comm, &rreq[i]);
}
MPI_Waitall(n, rreq, stat);
MPI_Barrier();
} 28
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Other Tips: Deadlock or not ?

• Whether or not the execution is deadlock depends on the MPI 
implementation

• Most Implementations
– Live if the message size is small (using Eager Protocol)
– Deadlock if the message size is larger (using Rendezvous Protocol)
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void communication() {
….
for (cnt = 1; cnt < SIZE; cnt <<= 1) {
     MPI_Send(sbuf, cnt, MPI_DOUBLE, rank ^ 1, tag, comm);
     MPI_Recv(rbuf, cnt, MPI_DOUBLE, rank ^ 1, tag, comm);
}
}

29
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Other Tips: One-Sided Communication

• One-Sided Communication Primitives in MPI are not 
true RDMA (Remote DMA)

• Most Implementations use an extra thread for 
progressing One-Sided Operations
– The recent MVAPICH implementation does not use an 

extra thread for basic data type, but still use an extra 
thread for handling user-defined data type such as vector.

• The assumption, that the user process may utilize all 
CPU cores, is NOT true
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