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Designing (MPI+X) for Exascale
• Scalability for million to billion processors

– Support for highly-efficient inter-node and intra-node communication (both two-sided and one-sided)

• Scalable Collective communication
– Offloaded
– Non-blocking
– Topology-aware

• Balancing intra-node and inter-node communication for next generation multi-/many-core 
(128-1024 cores/node)

– Multiple end-points per node
• Support for efficient multi-threading
• Integrated Support for GPGPUs and Accelerators
• Fault-tolerance/resiliency
• QoS support for communication and I/O
• Support for Hybrid MPI+PGAS programming

• MPI + OpenMP, MPI + UPC, MPI + OpenSHMEM, CAF, MPI + UPC++…
• Virtualization 
• Energy-Awareness
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Overview of the MVAPICH2 Project
• High Performance open-source MPI Library for InfiniBand, Omni-Path, Ethernet/iWARP, and RDMA over Converged Ethernet (RoCE)

– MVAPICH (MPI-1), MVAPICH2 (MPI-2.2 and MPI-3.1), Started in 2001, First version available in 2002

– MVAPICH2-X (MPI + PGAS), Available since 2011

– Support for GPGPUs  (MVAPICH2-GDR) and MIC (MVAPICH2-MIC), Available since 2014

– Support for Virtualization (MVAPICH2-Virt), Available since 2015

– Support for Energy-Awareness (MVAPICH2-EA), Available since 2015

– Support for InfiniBand Network Analysis and Monitoring (OSU INAM) since 2015

– Used by more than 2,925 organizations in 86 countries

– More than 484,000 (> 0.48 million) downloads from the OSU site directly
– Empowering many TOP500 clusters (Jul ‘18 ranking)

• 2nd ranked 10,649,640-core cluster (Sunway TaihuLight) at  NSC, Wuxi, China

• 12th, 556,104 cores (Oakforest-PACS) in Japan

• 15th, 367,024 cores (Stampede2) at TACC

• 24th, 241,108-core (Pleiades) at NASA and many others

– Available with software stacks of many vendors and Linux Distros (RedHat and SuSE)

– http://mvapich.cse.ohio-state.edu
• Empowering Top500 systems for over a decade

http://mvapich.cse.ohio-state.edu/


M V A PICH  U ser G roup (M U G ) M eeting’18 6Network Based Computing Laboratory

Architecture of MVAPICH2 Software Family

High Performance Parallel Programming Models

Message Passing Interface
(MPI)

PGAS
(UPC, OpenSHMEM, CAF, UPC++)

Hybrid --- MPI + X
(MPI + PGAS + OpenMP/Cilk)

High Performance and Scalable Communication Runtime
Diverse APIs and Mechanisms

Point-to-
point 

Primitives
Collectives 
Algorithms

Energy-
Awareness

Remote 
Memory 
Access

I/O and
File Systems

Fault
Tolerance

Virtualization Active 
MessagesJob Startup Introspectio

n & Analysis

Support for Modern Networking Technology
(InfiniBand, iWARP, RoCE, Omni-Path)

Support for Modern Multi-/Many-core Architectures
(Intel-Xeon, OpenPOWER, Xeon-Phi (MIC, KNL), NVIDIA GPGPU)

Transport Protocols Modern Features

RC XRC UD DC UMR ODP
SR-

IOV

Multi 

Rail

Transport Mechanisms
Shared 

Memory
CMA IVSHMEM

Modern Features

NVLink* CAPI*

* Upcoming
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MVAPICH2 Software Family 
Requirements Library

MPI with IB, iWARP, Omni-Path, and RoCE MVAPICH2

MPI with IB, RoCE & GPU and Support for Deep Learning MVAPICH2-GDR

InfiniBand Network Analysis and Monitoring OSU INAM

Microbenchmarks for Measuring MPI and PGAS Performance OMB
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• Job start-up

• Point-to-point Inter-node Protocol

• Transport Type Selection

• Multi-rail

• Process Mapping and Point-to-point Intra-node Protocols

• Collectives

• MPI_T Support

Presentation Overview
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• Near-constant MPI and OpenSHMEM 

initialization time at any process count

• 10x and 30x improvement in startup time 

of  MPI and OpenSHMEM respectively at 

16,384 processes

• Memory consumption reduced for remote 

endpoint information by O(processes per 

node)

• 1GB Memory saved per node with 1M 

processes and 16 processes per node
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Startup Performance on KNL + Omni-Path
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MPI_Init & Hello World - Oakforest-PACS

He l lo  Wo rld (M VAP IC H2 -2 .3a )

M P I_ In i t (M VAP IC H2-2 .3 a)

• MPI_Init takes 51 seconds on 231,956 processes on 3,624 KNL nodes (Stampede – Full scale)

• 8.8 times faster than Intel MPI at 128K processes (Courtesy: TACC)

• At 64K processes, MPI_Init and Hello World takes 5.8s and 21s respectively (Oakforest-PACS)

• All numbers reported with 64 processes per node

5.8s

21s

51s

8.8x

New designs available in MVAPICH2-2.3a and as patch for SLURM-15.08.8 and SLURM-16.05.1
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On-demand Connection Management for OpenSHMEM+MPI
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Performance of OpenSHMEM 
Initialization and Hello World
H ello Wor ld - St atic

Init ialization  - Stat ic

H ello Wor ld - On- dem and

Init ialization  - On-d eman d

• Static connection establishment wastes memory and takes a lot of time

• On-demand connection management improves OpenSHMEM initialization time by 29.6 times

• Time taken for Hello World reduced by 8.31 times at 8,192 processes

• Available since MVAPICH2-X 2.1rc1
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Using SLURM as launcher
• Use PMI2

– ./configure --with-pm=slurm --with-pmi=pmi2

– srun --mpi=pmi2 ./a.out

• Use PMI Extensions

– Patch for SLURM available at 
http://mvapich.cse.ohio-state.edu/download/

– Patches available for SLURM 15, 16, and 17
– PMI Extensions are automatically detected by 

MVAPICH2

Using mpirun_rsh as launcher
• MV2_MT_DEGREE

– degree of the hierarchical tree used by 
mpirun_rsh

• MV2_FASTSSH_THRESHOLD

– #nodes beyond which hierarchical-ssh scheme is 
used

• MV2_NPROCS_THRESHOLD

– #nodes beyond which file-based communication 
is used for hierarchical-ssh during start up

How to Get the Best Startup Performance with MVAPICH2?

• MV2_HOMOGENEOUS_CLUSTER=1 //Set for homogenous clusters

• MV2_ON_DEMAND_UD_INFO_EXCHANGE=1 //Enable UD based address exchange

http://mvapich.cse.ohio-state.edu/download/


M V A PICH  U ser G roup (M U G ) M eeting’18 14Network Based Computing Laboratory

• Job start-up

• Point-to-point Inter-node Protocol

• Transport Type Selection

• Multi-rail

• Process Mapping and Point-to-point Intra-node Protocols

• Collectives

• MPI_T Support

Presentation Overview
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! Overlap of computation and communication => Better Overall Application 

Performance

! Increased buffer requirement
! Poor communication performance if used for all types of communication 

operations

Analyzing Overlap Potential of Eager Protocol

Application
Process

Application
Process

N etw ork Interface

Card

N etw ork Interface

Card

Schedule

Send
O peration

Schedule

Receive
O peration

Check for

Com pletion

Check for

Com pletion

Com plete Com plete

92#'&(+)8+&/'*6%*6+:'6-,+;/,-./)$0+)*+#-,8),2'*&-+)8+21$(%<#'%,+2-..'6- <,'(-+
7-*&/2',5+4%(/+=>+#,)&-..-.+)*+?('2#-0-

Computation Communication Progress
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• Application processes schedule communication operation

• Application process free to perform useful compute in the 
foreground

• Little communication progress in the background

• All communication takes place at final synchronization

• Reduced buffer requirement

• Good communication performance if used for large 

message sizes and operations where communication 

library is progressed frequently

• Poor overlap of computation and communication => Poor 

Overall Application Performance

Analyzing Overlap Potential of Rendezvous Protocol
Application

Process
Application

Process
N etw ork Interface

Card

N etw ork Interface

Card

Schedule

Send

O peration

Schedule
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Performance Tuning on Multi-Rail Clusters
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Parameter Significance Default Notes

MV2_IBA_HCA ! Manually set the HCA to be used Unset ! To get names of HCA
ibstat | grep  “^CA”

MV2_DEFAULT_PORT ! Select the port to use on a active multi port HCA 0 ! Set to use different port

MV2_RAIL_SHARING_LARGE_MSG_THRESHOLD ! Threshold beyond which striping will take place 16 Kbyte

MV2_RAIL_SHARING_POLICY ! Choose multi-rail rail sharing / binding policy
! For Rail Sharing set to USE_FIRST or ROUND_ROBIN
! Set to FIXED_MAPPING for advanced rail binding options

Rail Binding  in 
Round Robin 

mode

! Advanced tuning can 
result in better 
performance

MV2_PROCESS_TO_RAIL_MAPPING ! Determines how HCAs will be mapped to the rails BUNCH ! Options: SCATTER 
and custom list

• Refer to Enhanced design for Multiple-Rail section of MVAPICH2 user guide for more information

• http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-2.3a-userguide.html#x1-700006.12

0
100 0

20 00

30 00
40 00

50 00
60 00

70 00
1 4 16 64 25
6 1K 4K 16
K

64
K

25
6K 1M 4M

Ba
nd

w
id

th
 (M

B/
se

c)

Message Size (Bytes)

Impact of Default Message Striping on Bandwidth

Si ngl e-Ra il

D ual-R ail

Two 24-core Magny Cours nodes with two Mellanox ConnectX QDR adapters
Six pairs with OSU Multi-Pair bandwidth and messaging rate benchmark

98% 130%

7%

http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-2.3a-userguide.html


! "#$%&' () *+,(- ,. /0(1! ) -2(! ++3456789 :;<+3=.,>(?@*+A(&.B0/3456(C@D.,@3.,E

! "#$%&'()'*+,

! -#./' *'# *,#./'%0/'1)*/#21%-)#'#3#4

! 5)(/&,#)'%56,1%71413'.#/

! 8+4'.*)(.4

! $,.F+**(!@00456(@5A($.453G3.G0.453(%53,@G5.A+($,.3.F.H*

! 9#4413'.:1&

! 8-0;5%7+,,#)'

$,+*+53@34.5(IJ+,J4+=



M V A PICH  U ser G roup (M U G ) M eeting’18 27Network Based Computing Laboratory

Process Mapping support in MVAPICH2

Process-Mapping support in 
MVAPICH2

(available since v1.4)

bunch

(Default)
scatter

core

(Default)
socket numanode

Preset Binding Policies User-defined binding

MPI rank-to-core binding

! "#$%&'()*+,-,.-/*012.,//21*31.45-,.-61,*3-*7289:36;.4

Policy

Granularity

hybrid
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• A new process binding policy – “hybrid”
– MV2_CPU_BINDING_POLICY = hybrid

• A new environment variable for co-locating Threads with MPI Processes
– MV2_THREADS_PER_PROCESS = k

– Automatically set to OMP_NUM_THREADS if OpenMP is being used

– Provides a hint to the MPI runtime to spare resources for application threads.

• New variable for threads bindings with respect to parent process and architecture
– MV2_THREADS_BINDING_POLICY = {linear | compact}

• Linear – binds MPI ranks and OpenMP threads sequentially (one after the other)

– Recommended to be used on non-hyper threaded systems with MPI+OpenMP 

• Compact – binds MPI rank to physical-core and locates respective OpenMP threads on hardware threads

– Recommended to be used on multi-/many-cores e.g., KNL, POWER8, and hyper-threaded Xeon, etc.

Process and thread binding policies in hybrid MPI+Threads
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• Job start-up

• Point-to-point Inter-node Protocol

• Transport Type Selection

• Multi-rail

• Process Mapping and Point-to-point Intra-node Protocols

• Collectives

• MPI_T Support

Presentation Overview
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Problems with Blocking Collective Operations
Application

Process

Application
Process

Application
Process

Application
Process

Computation

Communication
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MPI Tools Information Interface (MPI_T)
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MPI_T usage semantics

Initialize MPI-T

Get #variables

Query Metadata

Allocate Session

Allocate Handle

Read/Write/Reset
Start/Stop var

Free Handle

Finalize MPI-T

Free Session

Allocate Handle

Read/Write var

Free Handle

Performance
Variables

Control
Variables
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Enhancing MPI_T Support 
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CVARs Exposed by MVAPICH2

Courtesy: The TAU Team
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VBUF usage with CVARs 

Total memory used by VBUFs is reduced from 3,313,056 to 1,815,056

Courtesy: The TAU Team



M V A PICH  U ser G roup (M U G ) M eeting’18 62Network Based Computing Laboratory

VBUF Memory Usage Without CVAR

Courtesy: The TAU Team
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At Sender:

At Receiver:
MPI_Recv(r_devbuf, size, É);

inside
MVAPICH2

! "#$%&$'&()*+(,%#-'.$/-0(10-&(.2'(1%,.,-&(&$#$(324-3-%#

! 5$6-0($&4$%#$7-(2.(8%,.,-&(9,'#1$:(;&&'-00,%7(<=>(?8@;(ABCD(

! E4-':$F0(&$#$(324-3-%#(.'23(G*8(H,#I(J@);(#'$%0.-'0(

High Performance and High Productivity

MPI_Send(s_devbuf, size, É);

GPU-Aware (CUDA-Aware) MPI Library: MVAPICH2-GPU 
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• Support for MPI communication from NVIDIA GPU device memory

• High performance RDMA-based inter-node point-to-point 
communication (GPU-GPU, GPU-Host and Host-GPU)

• High performance intra-node point-to-point communication for multi-
GPU adapters/node (GPU-GPU, GPU-Host and Host-GPU)

• Taking advantage of CUDA IPC (available since CUDA 4.1) in intra-node 
communication for multiple GPU adapters/node

• Optimized and tuned collectives for GPU device buffers

• MPI datatype support for point-to-point and collective communication 
from GPU device buffers

• Unified memory
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• !"##$%&'()*'+$,-.%'",-%.'/)01-#$2&'31(4'",$,'
3$%+$567",'8#7&7279

• :;,'<-.<$#'9;&$%2='>7#',?;99'?$,,;.$,

• !;%'$;.$#'8#7&7279'@$',"887#&$+'&7'-?8#76$'8$#>7#?;%2$'

>7#',?;99'?$,,;.$,A

• BC7',2<$?$,'8#787,$+';%+'",$+

• D778@;2E'F",-%.'%$&C7#E';+;8&$#'&7'278='+;&;G

• H;,&278=I/13!J)K'' F",-%.'!)0'&7'278='+;&;G

Enhanced MPI Design with GPUDirect RDMA
L$%+$# 3$2$-6$#

Rendezvous Protocol  

>-%

#%+5M,&;#&

#%+5M#$89=

+;&;

L$%+$# 3$2$-6$#

Eager Protocol

,$%+

R. Shi, S. Potluri, K. Hamidouche M. Li, J. Perkins D. Rossetti and D. K. Panda, Designing Efficient 
Small Message Transfer Mechanism for Inter-node MPI Communication on InfiniBand GPU 
Clusters IEEE International Conference on High Performance Computing (HiPC'2014)
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Intel Haswell  (E5-2687W @ 3.10 GHz) node - 20 cores

NVIDIA Volta V100 GPU

Mellanox Connect-X4 EDR HCA

CUDA 9.0
Mellanox OFED 4.0 with GPU-Direct-RDMA
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Optimized MVAPICH2-GDR Design 
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Tuning GDRCOPY Designs in MVAPICH2-GDR

Parameter Significance Default Notes
MV2_USE_GPUDIRECT_
GDRCOPY

• Enable / Disable GDRCOPY-
based designs

1   
(Enabled)

•Always enable 

MV2_GPUDIRECT_GDR
COPY_LIMIT

• Controls messages size until
which GDRCOPY is    
used

8 KByte • Tune for your system 
•GPU type, host architecture.
Impacts the eager performance 

MV2_GPUDIRECT_GDR
COPY_LIB

• Path to the GDRCOPY 
library

Unset •Always set 

MV2_USE_GPUDIRECT_
D2H_GDRCOPY_LIMIT

• Controls messages size until
which GDRCOPY is used at 
sender 

16Bytes • Tune for your systems 
• CPU and GPU type 

• Refer to Tuning and Usage Parameters section of MVAPICH2-GDR user guide for more information
• http://mvapich.cse.ohio-state.edu/userguide/gdr/#_tuning_and_usage_parameters
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Tuning GPUDirect RDMA (GDR) Designs in MVAPICH2-GDR

Parameter Significance Default Notes
MV2_USE_GPUDIRECT ! Enable / Disable GDR-based  

designs

1   

(Enabled)

! Always enable 

MV2_GPUDIRECT_LIMIT ! Controls messages size until

which GPUDirect RDMA is    

used

8 KByte ! Tune for your system 

! GPU type, host architecture 

and 

CUDA version: impact pipelining 

overheads and P2P bandwidth 

bottlenecks

MV2_USE_GPUDIRECT_

RECEIVE_LIMIT

! Controls messages size until

which 1 hop design is used 

(GDR Write at the receiver)

256KBytes ! Tune for your system 

! GPU type, HCA type and 

configuration

• Refer to Tuning and Usage Parameters section of MVAPICH2-GDR user guide for more information

• http://mvapich.cse.ohio-state.edu/userguide/gdr/#_tuning_and_usage_parameters
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MV2_RAIL_SHARING_POLICY • How the Rails are 
bind/selected by 
processes

Shared • Sharing gives the best performance 
for pipeline design  

MV2_PROCESS_TO_RAIL_MAPP
ING

• Explicit binding of the 
HCAs to the CPU

First HCA • Use this parameter to manually 
select a different parameter only if 
default binding seems to perform 
poorly

• L+M+,(3.(F/5456(@5A()*@6+($@,@B+3+,*(*+N34.5(.M(!"#$%&'JH-KL(/*+,(6/4A+(M.,(B.,+(45M.,B@34.5

• O330PQQBR@04NOSN*+S.O4.H*3@3+S+A/Q/*+,6/4A+Q6A,QTU3/5456U@5AU/*@6+U0@,@B+3+,*

• Automatic rail and CPU binding depending on the GPU selection

• User selects the GPU and MVAPICH2-GDR selects the best HCA (avoids the P2P bottleneck)

• Multi-rail selection for large message size for better Bandwidth utilization (pipeline design) 
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• Support for Efficient Small Message Communication with GPUDirect RDMA

• Multi-rail Support 

• E/00.,3(F.,(GFF4H4+53(%53,?I5.@+(&.AA/54H?34.5(/*456(&)J#(%$&

• MPI Datatype Support

$,+*+53?34.5(KL+,L4+<
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Multi-GPU Configurations

CPU

GPU 1GPU 0

Memory

I/O Hub

Process 0 Process 1

HCA
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• Works between GPUs within the same 
socket or IOH

• Leads to significant benefits in 
appropriate scenarios
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MV2_CUDA_IPC ! Enable / Disable CUDA IPC-
based designs

1   (Enabled) ! Always leave set to 1

MV2_CUDA_SMP_IPC ! Enable / Disable CUDA IPC 
fastpath design for short
messages 

0
(Disabled)

! Benefits Device-to-Device transfers
! Hurts Device-to-Host/Host-to-Device 

transfers
! Always set to 1 if application involves 

only Device-to-Device transfers
MV2_IPC_THRESHOLD ! Message size where IPC code path 

will be used 
16 KBytes ! Tune for your system 
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• Double Buffering schemes 
– Uses intermediate buffers (IPC Pinned) 

– Control information through Host memories  

• Exchange the handlers through the host for IPC completion 

– Works for all CUDA versions (Since 5.5) 

– Memory Overhead 

• Cache based design 
– Rendezvous based design 

– Cache the IPC handlers at the source and destination (through the control messages)

– With Cache hit => direct data movement 

– Requires CUDA 6.5 and onwards 

– High Performance and memory efficiency 

#D3+,5>34E+(F+*465*
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Tuning IPC designs in MVAPICH2-GDR

• Works between GPUs within the same socket or IOH
Parameter Significance Default Notes

MV2_CUDA_ENABLE_IP
C_CACHE

• Enable / Disable CUDA IPC_CACHE-
based designs

1   
(Enabled)

•Always leave set to 1
• Best performance 
• Enables one-sided semantics 

MV2_CUDA_IPC_BUFFE
RED

• Enable / Disable CUDA 
IPC_BUFFERED design 

1
(Enabled)

•Used for subset of operations 
• Backup for the IPC-Cache design 
•Uses double buffering schemes 
•Used for efficient Managed support 

MV2_CUDA_IPC_MAX_
CACHE_ENTRIES

•Number of entries in the cache 64 • Tuned for your application 
•Depends on the communication patterns 
• Increase the value for irregular 
applications 

MV2_CUDA_IPC_STAGE
_BUF_SIZE

• The size of the  staging buffers in 
the double buffering schemes 

• Tune this value only if degradation is 
observed with IPC transfers
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• Support for Efficient Small Message Communication with GPUDirect RDMA

• Multi-rail Support 

• Support for Efficient Intra-node Communication using CUDA IPC

• MPI Datatype Support

Presentation Overview
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! Multi-dimensional data
! Row based organization
! Contiguous on one dimension 
! Non-contiguous on other dimensions

! Halo data exchange
! Duplicate the boundary
! Exchange the boundary in each 

iteration

Halo data exchange

;.5 EF.5346/./*(G?3?(HIFJ?56+
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and Distributed Systems, Accepted for Publication. 
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Stencil3D communication kernel on 2 GPUs 
with various X, Y, Z dimensions using 
MPI_Isend/Irecv
• DT: Direct Transfer, TR: Targeted Kernel 
• Optimized design  gains up to 15%, 15% and 

22% compared to TR, and more than  86%
compared to DT on X, Y and Z respectively 
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