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“Smart” NICs are an old 
idea…

N.J. Boden et al. “Myrinet: a gigabit-per-second local area network.” IEEE Micro, 15(1):29–36, 
1995. doi:10.1109/40.342015 
F. Petrini et al. “The Quadrics network: high-performance clustering technology.” IEEE Micro, 
22(1):46–57, 2002. doi:10.1109/40.988689 
R. Brightwell et al. “SeaStar interconnect: balanced bandwidth for scalable performance.” IEEE 
Micro, 26(3):41–47, 2006. doi:10.1109/MM.2006.65

to-end protocols that detect faults and auto-
matically retransmit packets.

Elan network interface
The Elan network interface (we refer to the

Elan3 version of Elan in this article) connects
the Quadrics network to a processing node
containing one or more CPUs. In addition to
generating and accepting packets to and from
the network, Elan provides substantial local
processing power to implement high-level,
message-passing protocols such as the
Message-Passing Interface (MPI). The inter-

nal functional structure of Elan, shown in Fig-
ure 1, centers around two primary processing
engines: the microcode processor and the
thread processor.

The 32-bit microcode processor supports
four hardware threads. Each thread can
independently issue pipelined memory
requests to the memory system. Up to eight
requests can be outstanding at any given
time. Scheduling for the microcode proces-
sor permits a thread to wake up, schedule a
new memory access based on the result of a
previous memory access, and go back to
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Figure 1. Elan functional units.
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… born again in a new 
context.

Streaming data and latency-sensitive, in-transit processing are 
the hallmarks of modern data center workloads.
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ASICs, 
FPGAs, 
multicore CPUs, 
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Today’s smartNIC landscape: 
a panoply of designs
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ASICs, 
FPGAs, 
multicore CPUs, 
GPUs, …

Network and Host Interfaces
Network Interfaces

 > Ethernet - Dual ports of 10/25/50/100Gb/s, or a 
single port of 200Gb/s

 > InfiniBand - Dual ports of EDR / HDR100, or 
single port of HDR

PCI Express Interface
 > 8 or 16 lanes of PCIe Gen 4.0
 > PCIe switch bi-furcation with 8 downstream 
ports

ARM/DDR Subsystem
Arm Cores

 > Up to 8 Armv8 A72 cores (64-bit) pipeline
 > 1MB L2 cache per 2 cores  
 > 6MB L3 cache with plurality of eviction policies

DDR4 DIMM Support
 > Single DDR4 DRAM controller 
 > 8GB / 16GB / 32GB of on-board DDR4
 > ECC error protection support

Hardware Accelerations
Security

 > Secure boot with hardware root-of-trust 
 > Secure firmware update
 > Cerberus compliant

 > Regular expression (RegEx) acceleration 
 > IPsec/TLS data-in-motion encryption
 > AES-GCM 128/256-bit key
 > AES-XTS 256/512-bit data-at-rest encryption 
 > SHA 256-bit hardware acceleration
 > Hardware public key accelerator

 > RSA, Diffie-Hellman, DSA, ECC,  
EC-DSA, EC-DH

 > True random number generator (TRNG)

Storage
 > BlueField SNAP -  NVMe™ and VirtIO-blk
 > NVMe-oF™   acceleration
 > Compression and decompression acceleration
 > Data hashing and deduplication
 > M.2 / U.2 connectors for direct attached storage

Networking
 >  RoCE, Zero Touch RoCE

 > Stateless offloads for:
 > TCP/UDP/IP
 >  LSO/LRO/checksum/RSS/TSS/HDS 
 > VLAN insertion/stripping

 >  SR-IOV  
 >  VirtIO-net
 >  Multi-function per port
 >  VMware NetQueue support
 >  Virtualization hierarchies
 >  1K ingress and egress QoS levels

Boot Options
 > Secure boot (RSA authenticated) 
 > Remote boot over Ethernet
 > Remote boot over iSCSI
 > PXE and UEFI

Management
 > 1GbE out-of-band management port
 > NC-SI, MCTP over SMBus, and MCTP over PCIe 
 > PLDM for Monitor and Control DSP0248
 > PLDM for Firmware Update DSP026
 > I2C interface for device control and 
configuration

 > SPI interface to flash
 > eMMC memory controller 
 > UART
 > USB

FEATURES

BlueField-2 DPU - 2x 25Gb/s HHHL  
form factor

BlueField-2 DPU - 2x 100Gb/s FHHL  
form factor

BlueField-2 DPU - 2x 25Gb/s OCP3.0 SFF  
form factor

ORDERING INFORMATION
For information about NVIDIA ordering information, please contact your NVIDIA sales 
representative or visit our Nvidia BlueField-2 User Guide index page: 

NVIDIA BlueField-2 Ethernet boards
NVIDIA BlueField-2 InfiniBand/VPI boards
NVIDIA BlueField-2 for OCP3.0

To learn more about the NVIDIA BlueField-2  visit www.nvidia.com/dpu
© 2021 NVIDIA Corporation. All rights reserved. NVIDIA, the NVIDIA logo, Accelerated Switch and Packet Processing (ASAP2), BlueField, 
ConnectX, GPUDirect, Mellanox, and BlueField SNAP are trademarks and/or registered trademarks of NVIDIA Corporation in the U.S. and 
other countries. Other company and product names may be trademarks of the respective companies with which they are associated. All 
other trademarks are property of their respective owners. 
ARM, AMBA, and ARM Powered are registered trademarks of ARM Limited. Cortex, MPCore and Mali are trademarks of ARM Limited. 
“ARM” is used to represent ARM Holdings plc; its operating company ARM Limited; and the regional subsidiaries ARM Inc.; ARM KK; 
ARM Korea Limited.; ARM Taiwan Limited; ARM France SAS; ARM Consulting (Shanghai) Co. Ltd.; ARM Germany GmbH; ARM Embedded 
Technologies Pvt. Ltd.; ARM Norway, AS and ARM Sweden AB. APR21

Support: For information about NVIDIA support packages, please contact your NVIDIA  sales representative or visit our Support Index page.
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“DPU” 
(data processing unit)

Network and Host Interfaces
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ports

ARM/DDR Subsystem
Arm Cores

 > Up to 8 Armv8 A72 cores (64-bit) pipeline
 > 1MB L2 cache per 2 cores  
 > 6MB L3 cache with plurality of eviction policies

DDR4 DIMM Support
 > Single DDR4 DRAM controller 
 > 8GB / 16GB / 32GB of on-board DDR4
 > ECC error protection support

Hardware Accelerations
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 > BlueField SNAP -  NVMe™ and VirtIO-blk
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 > Compression and decompression acceleration
 > Data hashing and deduplication
 > M.2 / U.2 connectors for direct attached storage

Networking
 >  RoCE, Zero Touch RoCE

 > Stateless offloads for:
 > TCP/UDP/IP
 >  LSO/LRO/checksum/RSS/TSS/HDS 
 > VLAN insertion/stripping

 >  SR-IOV  
 >  VirtIO-net
 >  Multi-function per port
 >  VMware NetQueue support
 >  Virtualization hierarchies
 >  1K ingress and egress QoS levels

Boot Options
 > Secure boot (RSA authenticated) 
 > Remote boot over Ethernet
 > Remote boot over iSCSI
 > PXE and UEFI

Management
 > 1GbE out-of-band management port
 > NC-SI, MCTP over SMBus, and MCTP over PCIe 
 > PLDM for Monitor and Control DSP0248
 > PLDM for Firmware Update DSP026
 > I2C interface for device control and 
configuration

 > SPI interface to flash
 > eMMC memory controller 
 > UART
 > USB

FEATURES

BlueField-2 DPU - 2x 25Gb/s HHHL  
form factor

BlueField-2 DPU - 2x 100Gb/s FHHL  
form factor

BlueField-2 DPU - 2x 25Gb/s OCP3.0 SFF  
form factor

ORDERING INFORMATION
For information about NVIDIA ordering information, please contact your NVIDIA sales 
representative or visit our Nvidia BlueField-2 User Guide index page: 

NVIDIA BlueField-2 Ethernet boards
NVIDIA BlueField-2 InfiniBand/VPI boards
NVIDIA BlueField-2 for OCP3.0

To learn more about the NVIDIA BlueField-2  visit www.nvidia.com/dpu
© 2021 NVIDIA Corporation. All rights reserved. NVIDIA, the NVIDIA logo, Accelerated Switch and Packet Processing (ASAP2), BlueField, 
ConnectX, GPUDirect, Mellanox, and BlueField SNAP are trademarks and/or registered trademarks of NVIDIA Corporation in the U.S. and 
other countries. Other company and product names may be trademarks of the respective companies with which they are associated. All 
other trademarks are property of their respective owners. 
ARM, AMBA, and ARM Powered are registered trademarks of ARM Limited. Cortex, MPCore and Mali are trademarks of ARM Limited. 
“ARM” is used to represent ARM Holdings plc; its operating company ARM Limited; and the regional subsidiaries ARM Inc.; ARM KK; 
ARM Korea Limited.; ARM Taiwan Limited; ARM France SAS; ARM Consulting (Shanghai) Co. Ltd.; ARM Germany GmbH; ARM Embedded 
Technologies Pvt. Ltd.; ARM Norway, AS and ARM Sweden AB. APR21

Support: For information about NVIDIA support packages, please contact your NVIDIA  sales representative or visit our Support Index page.



4 5 T H  A S E  S E M I N A R  ( 2 0 2 3 )  —  TŌK YŌ

D ATA - M O V E M E N T  A C C E L E R AT O R S  ( D M X S )

10

Today’s smartNIC landscape: 
a panoply of designs

ypu

mem

$

💡NIC
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BF-2: 8-core Arm v8 A72 @ 2.6 GHz, 
           DDR4 4800 MT/s, HDR100 @ 100 Gb/s 
BF-3: 16-core Arm v8 A78 @ 2.25 GHz, 
           DDR5 5600 MT/s, NDR200 @ 200 Gb/s
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 > 8 or 16 lanes of PCIe Gen 4.0
 > PCIe switch bi-furcation with 8 downstream 
ports

ARM/DDR Subsystem
Arm Cores

 > Up to 8 Armv8 A72 cores (64-bit) pipeline
 > 1MB L2 cache per 2 cores  
 > 6MB L3 cache with plurality of eviction policies

DDR4 DIMM Support
 > Single DDR4 DRAM controller 
 > 8GB / 16GB / 32GB of on-board DDR4
 > ECC error protection support

Hardware Accelerations
Security

 > Secure boot with hardware root-of-trust 
 > Secure firmware update
 > Cerberus compliant

 > Regular expression (RegEx) acceleration 
 > IPsec/TLS data-in-motion encryption
 > AES-GCM 128/256-bit key
 > AES-XTS 256/512-bit data-at-rest encryption 
 > SHA 256-bit hardware acceleration
 > Hardware public key accelerator

 > RSA, Diffie-Hellman, DSA, ECC,  
EC-DSA, EC-DH

 > True random number generator (TRNG)

Storage
 > BlueField SNAP -  NVMe™ and VirtIO-blk
 > NVMe-oF™   acceleration
 > Compression and decompression acceleration
 > Data hashing and deduplication
 > M.2 / U.2 connectors for direct attached storage

Networking
 >  RoCE, Zero Touch RoCE

 > Stateless offloads for:
 > TCP/UDP/IP
 >  LSO/LRO/checksum/RSS/TSS/HDS 
 > VLAN insertion/stripping

 >  SR-IOV  
 >  VirtIO-net
 >  Multi-function per port
 >  VMware NetQueue support
 >  Virtualization hierarchies
 >  1K ingress and egress QoS levels

Boot Options
 > Secure boot (RSA authenticated) 
 > Remote boot over Ethernet
 > Remote boot over iSCSI
 > PXE and UEFI

Management
 > 1GbE out-of-band management port
 > NC-SI, MCTP over SMBus, and MCTP over PCIe 
 > PLDM for Monitor and Control DSP0248
 > PLDM for Firmware Update DSP026
 > I2C interface for device control and 
configuration

 > SPI interface to flash
 > eMMC memory controller 
 > UART
 > USB
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ConnectX, GPUDirect, Mellanox, and BlueField SNAP are trademarks and/or registered trademarks of NVIDIA Corporation in the U.S. and 
other countries. Other company and product names may be trademarks of the respective companies with which they are associated. All 
other trademarks are property of their respective owners. 
ARM, AMBA, and ARM Powered are registered trademarks of ARM Limited. Cortex, MPCore and Mali are trademarks of ARM Limited. 
“ARM” is used to represent ARM Holdings plc; its operating company ARM Limited; and the regional subsidiaries ARM Inc.; ARM KK; 
ARM Korea Limited.; ARM Taiwan Limited; ARM France SAS; ARM Consulting (Shanghai) Co. Ltd.; ARM Germany GmbH; ARM Embedded 
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Q: Are smartNICs for data 
centers relevant to HPC?
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Claim: Communication is 
an inevitable bottleneck



Reduces energy: fewer (fl)ops, less storage

Recall: “The” dominant paradigm of CS:
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An Iron Law of Parallel and 
Distributed Computation

A modern cluster or supercomputer is, to 
first order, a collection of processing nodes. 
Each node has a processor (“xPU”) and a 
two-level memory hierarchy. Nodes are 
connected by a network. 

As a program executes on this system, it 
incurs two types of communication cost.  

“Vertical” communication occurs in the 
memory system between, say, RAM and 
cache. 

“Horizontal” communication occurs between 
nodes across the network.
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Two costs: Tnetwork + Tmemory
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An Iron Law of Parallel and 
Distributed Computation
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two-level memory hierarchy. Nodes are 
connected by a network. 
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incurs two types of communication cost.  

“Vertical” communication occurs in the 
memory system between, say, RAM and 
cache. 

“Horizontal” communication occurs between 
nodes across the network.
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Distributed Computation

A modern cluster or supercomputer is, to 
first order, a collection of processing nodes. 
Each node has a processor (“xPU”) and a 
two-level memory hierarchy. Nodes are 
connected by a network. 

As a program executes on this system, it 
incurs two types of communication cost.  

“Vertical” communication occurs in the 
memory system between, say, RAM and 
cache. 

“Horizontal” communication occurs between 
nodes across the network.
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An Iron Law of Parallel and 
Distributed Computation
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first order, a collection of processing nodes. 
Each node has a processor (“xPU”) and a 
two-level memory hierarchy. Nodes are 
connected by a network. 

As a program executes on this system, it 
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memory system between, say, RAM and 
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An Iron Law of Parallel and 
Distributed Computation
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An Iron Law of Parallel and 
Distributed Computation
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An Iron Law of Parallel and 
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An Iron Law of Parallel and 
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An Iron Law of Parallel and 
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CONCLUSION SO FAR?

Communication is 
inevitable & system 
components help manage 
scalability tradeoffs.
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SmartNICs (DPUs) 
as DMXs (data-movement accelerators)
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DPU-DMXs in 
modern clusters

The basic building block of a distributed-
memory cluster or supercomputer is a node. 

Each node includes a host, which is a 
processor (xPU) + memory hierarchy. 

The host can communicate with other hosts 
via its NIC (network interface controller). 

A network connects the nodes. The nodes 
may be arranged in some topology, which 
determines the network’s carrying capacity 
and cost. 

In a DPU, the NIC becomes “host-like” via 
the addition of processing (ypu) and 
memory. 

Node

Network

Mem

xPU

$
ypu

mem

$

Host
!NIC
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Uses of DPUs, 
actual and 
envisioned • Accelerating network applications: packet 

classification, traffic shaping, multicasting 

• Network, storage, and sensor algorithms, e.g., 
distributed key-value stores, consensus algorithms, 
computer vision 

• Advanced runtimes: e.g., distributed resource and I/O 
management, fault tolerance (See Ryan et al. IPDRM’20) 

• HPC algorithms?
OPPORTUNITIES AND PITFALLS: SEE GRANT ET 
AL. IPDRM’20 SURVEY, “RADD RUNTIMES”



41

DPU algorithms 
• MiniMD ( S. Karamati et al., "“Smarter” NICs for faster molecular dynamics: a case study," IPDPS, 2022 ) 

• Maxwell’s equation (Current work)



42

Our focus

• Platform: DPUs like BF2 & BF3, which are based on 
general-purpose multicore CPUs 

• Usage model: Off-path computation (i.e., asynchronous, 
independent progress) rather than on-path (i.e., “on-the-wire” 
computation) 

• Programming model: Multiprogram MPI with the DPU 
in “host mode” rather than any vendor-specific model 
or lower-level communication library (e.g., OpenSNAPI)

Network and Host Interfaces
Network Interfaces

 > Ethernet - Dual ports of 10/25/50/100Gb/s, or a 
single port of 200Gb/s

 > InfiniBand - Dual ports of EDR / HDR100, or 
single port of HDR

PCI Express Interface
 > 8 or 16 lanes of PCIe Gen 4.0
 > PCIe switch bi-furcation with 8 downstream 
ports

ARM/DDR Subsystem
Arm Cores

 > Up to 8 Armv8 A72 cores (64-bit) pipeline
 > 1MB L2 cache per 2 cores  
 > 6MB L3 cache with plurality of eviction policies

DDR4 DIMM Support
 > Single DDR4 DRAM controller 
 > 8GB / 16GB / 32GB of on-board DDR4
 > ECC error protection support

Hardware Accelerations
Security

 > Secure boot with hardware root-of-trust 
 > Secure firmware update
 > Cerberus compliant

 > Regular expression (RegEx) acceleration 
 > IPsec/TLS data-in-motion encryption
 > AES-GCM 128/256-bit key
 > AES-XTS 256/512-bit data-at-rest encryption 
 > SHA 256-bit hardware acceleration
 > Hardware public key accelerator

 > RSA, Diffie-Hellman, DSA, ECC,  
EC-DSA, EC-DH

 > True random number generator (TRNG)

Storage
 > BlueField SNAP -  NVMe™ and VirtIO-blk
 > NVMe-oF™   acceleration
 > Compression and decompression acceleration
 > Data hashing and deduplication
 > M.2 / U.2 connectors for direct attached storage

Networking
 >  RoCE, Zero Touch RoCE

 > Stateless offloads for:
 > TCP/UDP/IP
 >  LSO/LRO/checksum/RSS/TSS/HDS 
 > VLAN insertion/stripping

 >  SR-IOV  
 >  VirtIO-net
 >  Multi-function per port
 >  VMware NetQueue support
 >  Virtualization hierarchies
 >  1K ingress and egress QoS levels

Boot Options
 > Secure boot (RSA authenticated) 
 > Remote boot over Ethernet
 > Remote boot over iSCSI
 > PXE and UEFI

Management
 > 1GbE out-of-band management port
 > NC-SI, MCTP over SMBus, and MCTP over PCIe 
 > PLDM for Monitor and Control DSP0248
 > PLDM for Firmware Update DSP026
 > I2C interface for device control and 
configuration

 > SPI interface to flash
 > eMMC memory controller 
 > UART
 > USB

FEATURES

BlueField-2 DPU - 2x 25Gb/s HHHL  
form factor

BlueField-2 DPU - 2x 100Gb/s FHHL  
form factor

BlueField-2 DPU - 2x 25Gb/s OCP3.0 SFF  
form factor

ORDERING INFORMATION
For information about NVIDIA ordering information, please contact your NVIDIA sales 
representative or visit our Nvidia BlueField-2 User Guide index page: 

NVIDIA BlueField-2 Ethernet boards
NVIDIA BlueField-2 InfiniBand/VPI boards
NVIDIA BlueField-2 for OCP3.0

To learn more about the NVIDIA BlueField-2  visit www.nvidia.com/dpu
© 2021 NVIDIA Corporation. All rights reserved. NVIDIA, the NVIDIA logo, Accelerated Switch and Packet Processing (ASAP2), BlueField, 
ConnectX, GPUDirect, Mellanox, and BlueField SNAP are trademarks and/or registered trademarks of NVIDIA Corporation in the U.S. and 
other countries. Other company and product names may be trademarks of the respective companies with which they are associated. All 
other trademarks are property of their respective owners. 
ARM, AMBA, and ARM Powered are registered trademarks of ARM Limited. Cortex, MPCore and Mali are trademarks of ARM Limited. 
“ARM” is used to represent ARM Holdings plc; its operating company ARM Limited; and the regional subsidiaries ARM Inc.; ARM KK; 
ARM Korea Limited.; ARM Taiwan Limited; ARM France SAS; ARM Consulting (Shanghai) Co. Ltd.; ARM Germany GmbH; ARM Embedded 
Technologies Pvt. Ltd.; ARM Norway, AS and ARM Sweden AB. APR21

Support: For information about NVIDIA support packages, please contact your NVIDIA  sales representative or visit our Support Index page.
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Our focus

• Platform: DPUs like BF2 & BF3, which are based on 
general-purpose multicore CPUs 

• Usage model: Off-path computation (i.e., asynchronous, 
independent progress) rather than on-path (i.e., “on-the-wire” 
computation) 

• Programming model: Multiprogram MPI with the DPU 
in “host mode” rather than any vendor-specific model 
or lower-level communication library (e.g., OpenSNAPI)

Off-path (async & indep threads)

On-path (deadline-driven task)

threads

Inline 
task

threads
threads
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Our focus

• Platform: DPUs like BF2 & BF3, which are based on 
general-purpose multicore CPUs 

• Usage model: Off-path computation (i.e., asynchronous, 
independent progress) rather than on-path (i.e., “on-the-wire” 
computation) 

• Programming model: Multiprogram MPI with DPU in 
“host mode” rather than any vendor-specific model or 
lower-level communication library (e.g., OpenSNAPI)

OpenSNAPI

8/11/20 |   9Los Alamos National Laboratory

• OpenSNAPI is a project of the UCF 
Consortium

• Straight from the source:
– “OpenSNAPI is a collaboration between industry, 

laboratories and academia with the goal to create a 
standard application programming interface (API) for 
accessing the compute engines on the network, and 
specifically on the smart network adapter. OpenSNAPI 
allows application developers to leverage the network 
compute cores in parallel to the host compute cores for 
accelerating application runtime, and to perform operations 
and processing closer to the data.”

Source: https://www.ucfconsortium.org/projects/opensnapi/
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A MiniMD case study

Sara Karamati

S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063

“In theory, theory and 
practice are the same. 
In practice, they are not.”

https://doi.org/10.1109/IPDPS53621.2022.00063


4 5 T H  A S E  S E M I N A R

D ATA - M O V E M E N T  A C C E L E R AT O R S  ( D M X S )

46

Target platform: NVIDIA (née Mellanox) BF2

S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063
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Target platform: NVIDIA (née Mellanox) BF2
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$
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One host xPU (16 cores)

S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063

Sara Karamati
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Target platform: NVIDIA (née Mellanox) BF2
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S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063

(fp64)

Sara Karamati

https://doi.org/10.1109/IPDPS53621.2022.00063


4 5 T H  A S E  S E M I N A R  ( 2 0 2 3 )  —  T Õ K Y Õ

D ATA - M O V E M E N T  A C C E L E R AT O R S  ( D M X S )

49

Target platform: NVIDIA (née Mellanox) BF2
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Target platform: NVIDIA (née Mellanox) BF2
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Target platform: NVIDIA (née Mellanox) BF2
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Baseline MiniMD

MiniMD is a molecular dynamics proxy-app. 
It calculates the position and velocity of a set 
of interacting particles in discrete time steps 
(iterations). 
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S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063
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Baseline MiniMD

MiniMD is a molecular dynamics proxy-app. 
It calculates the position and velocity of a set 
of interacting particles in discrete time steps 
(iterations). 

In the distributed-memory setting, the 
simulation domain is divided spatially 
among MPI processes. 

Every process owns its particles, computes 
force on these particles and then updates 
the position and velocity of these particles.  

Proc 1 Proc 2

Proc 4Proc 3
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S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063
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Baseline MiniMD

In each iteration, every particle interacts with 
others that lie within a some cutoff distance 
(rc). A particle’s neighbor list stores 
references to them.

Proc 1 Proc 2

Proc 4Proc 3

Proc 1 Proc 2

Proc 4Proc 3

rc

Short-range forces 

54

S. Karamati (GT) et al. (Sandia, Queens U.; 2022) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063
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Baseline MiniMDProc 1 Proc 2

Proc 4Proc 3

rc

Δ
In each iteration, every particle interacts with 
others that lie within a some cutoff distance 
(rc). A particle’s neighbor list stores 
references to them. 

The neighbor list must be updated as 
particles move. But such updates are 
expensive! So every list includes a buffer of 
“extra” particles that lie within a surrounding 
annulus, or “skin,” parameterized by its 
thickness (Δ).
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Baseline MiniMDProc 1 Proc 2

Proc 4Proc 3

rc Δ

“Ghost zone” 
(comm+overhead)

The cutoff distance (rc) and skin thickness (Δ) 
imply the size of the interaction region just 
outside the boundaries of each process.  

Each process keeps a copy of particles in 
that region. 
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Baseline MiniMD

Particles are reassigned to new processes as 

they move through the spatial domain.  

Neighbor list updates, boundary region 
exchanges, and particles reassignment to 
processes are triggered every so often via a 
user-selected parameter (e.g., every k 
iterations). 

Proc 1 Proc 2

Proc 4Proc 3

Δ

Particles move through subdomains 
(comm+overhead)
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Baseline MiniMD

Proc 1 Proc 2

Proc 4Proc 3

Update velocity (UV)

Communicate (C)

Compute force (FC)

Update velocity (UV) 

Exchange (EX)

Update border lists (UB)

Build neighbor lists (NB)

Neighbor 
bui ld iteration?

YesNo

Update position (UX)

58

Each task is parallelizable but the sequence is sequential as shown by edges
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Serial dependencies
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies

Computational work 
(force computation)
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies

Computational work 
(velocity update)
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work: force computationFC
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies

Data reorg  
[neighbor-list (re)build]

63

work: force computationFC

UV work: update velocity
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies
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work: force computationFC

UV work: update velocity
NB neighbor-list rebuild
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies

Comm 
[ghost zone communication]
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work: force computationFC

UV work: update velocity
NB neighbor-list rebuild
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Neighbor-list 
Generation

Iteration

k k+1 k+2

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC CNBEX UB NBEX UB

Serial dependencies

Data reorg + comm 
[particles reallocation and border lists update]
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work: force computationFC

UV work: update velocity
C communication

NB neighbor-list rebuild
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Neighbor-list 
Generation

Iteration

Bluefield FC FC

i i+1 i+2 i+3

FC FCUV UVHost FC UV

i+4

FC UVC C

k k+1 k+2

NBEX UB NBEX UB

work: force computationFC

UV work: update velocity
C communication

EX

UB

NB comm: particles reallocation
comm: update border lists

neighbor-list rebuildBreaking the dependencies  
(“Off-path” algorithm)
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Neighbor-list 
Generation

Iteration

Bluefield

i i+1 i+2 i+3

FCUV UVHost UV

i+4

FC UVC C

k k+1 k+2

FCFC

NBEX UB NBEX UB

Neighbor-list 
Generation

Iteration

Bluefield

i i+1 i+2 i+3

FCUV UVHost UV

i+4

FC UVC C

k k+1 k+2

FCFC

NBEX UB NBEX UB

Breaking the dependencies  
(“Off-path” algorithm)
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work: force computationFC

UV work: update velocity
C communication

EX

UB

NB comm: particles reallocation
comm: update border lists

neighbor-list rebuild
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Neighbor-list 
Generation

Iteration

Bluefield

i i+1 i+2 i+3

FCUV UVHost UV

i+4

FC UVC C

k k+1 k+2

FCC EXFCC EX

NBEX UB NBEX UB

work: force computationFC

UV work: update velocity
C communication

EX

UB

NB comm: particles reallocation
comm: update border lists

neighbor-list rebuildBreaking the dependencies  
(“Off-path” algorithm)
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Baseline 
experiments

• System: 16 nodes, Infiniband HDR (100 Gbps) 

• Hosts: (2-socket) x (16-core Intel Broadwell E5-2697A, 
2.6 GHz) + (256 GiB DDR4 RAM, 2400 MHz) 

• NICs per node 

• 1 x NVIDIA ConnectX-6 HDR100 (100 Gbps) 
InfiniBand/VPI adapters 

• 1 x NVIDIA BlueField-2 SoC — (8-core ARMv8 A72, 
2.5 GHz) + (16 GiB DDR4 RAM) + (HDR100)“THOR” CLUSTER, MAINTAINED BY THE HPC·AI 

ADVISORY COUNCIL [LINK]
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Restructured 
method …

Re-neighboring 
 Interval

Higher is better
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Restructured 
method is faster

We observe small, but largely uniform, 
speedups of up to 20% compared to host-
only execution with conventional NICs. 

This improvement compares favorably 
with the power increase on each node due 
to BF2, which we estimate from sensors to 
be as little as 6%.

Re-neighboring 
 Interval
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Hypothetical: Multi-SmartNIC 
a.k.a., revisiting the “iron law”

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

BF-2 yPUs (no host)
Mem

xPU

$

mem

$

Host

BlueField-2

ypu

80 GF/s 
25.6 GB/s
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One host xPU (16 cores)

657 GF/s 
76.8 GB/s

(fp64)
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Hypothetical: Multi-SmartNIC 
a.k.a., revisiting the “iron law”

Mem

xPU

$

Host

657 GF/s 
76.8 GB/s

8 x BF-2 yPUs (no host)
Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

640 GF/s 
204 GB/s 
(aggregate)

One host xPU (16 cores)
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Hypothetical: Multi-SmartNIC 
a.k.a., revisiting the “iron law”

8 x BF-2 yPUs (no host)

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

~ 3.1 F:B

Mem

xPU

$

Host
One host xPU (16 cores)

~ 8.5 F:B
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Hypothetical: Multi-SmartNIC 
a.k.a., revisiting the “iron law”

8 x BF-2 yPUs (no host)

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

mem

$

BlueField-2

ypu

Speedup ~ 1.7x 
Real measurement on MiniMD! 

(Similar for P3DFFT, SuperLU_DIST)

Mem

xPU

$

Host

Time = “1” 
using all cores

One host xPU (16 cores)
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miniEM (MueLu) — 
Maxwell solver case study



Baseline Maxwell 
Solver

Bochev, Pavel B., et al. "An algebraic multigrid approach based on a compatible gauge 
reformulation of Maxwell's equations." SIAM Journal on Scientific Computing 31.1 (2008)

Setup Phase
P1 =FormSpecialProlongator()

Form AH ← P1T (M1D∗
1D1 + M1D0D∗

0 + M1)P1

Standard AMG Setup(AH) Standard AMG Setup(A22)

Solve Phase

 ← PreFineRelaxation()ũ

 ← r − ( DT1 M2 D1 + M1 ) r̃ ũ

a ← Standard AMG Vcycle(AH) p ← Standard AMG Vcycle(A22)

 ← PreFineRelaxation()ũ

 ← PreFineRelaxation()ũ

Maxwell multigrid solver from MueLu, an open-source software 
library within the Trilinos project



Baseline Maxwell 
Solver

Solve Phase

 ← PreFineRelaxation()ũ

 ← r − ( DT1 M2 D1 + M1 ) r̃ ũ

a ← Standard AMG Vcycle(AH) p ← Standard AMG Vcycle(A22)

 ← PreFineRelaxation()ũ

 ← PreFineRelaxation()ũ

Standard AMG Vcycle(AH) and Standard AMG 
Vcycle(A22) operate independently and can be 
executed in parallel for optimized performance.



Solve Phase

 ← PreFineRelaxation()ũ

 ← r − ( DT1 M2 D1 + M1 ) r̃ ũ

a ← Standard AMG Vcycle(AH) p ← Standard AMG Vcycle(A22)

 ← PreFineRelaxation()ũ

 ← PreFineRelaxation()ũ

HostProposed Parallel 
Execution of AMG Cycles

DPU



AMG V-Cycles

Source: Multi grid V-cycle

 Computational costs are primarily governed by sparse matrix operations

Multigrid Methods Involve:  

1. Smoothing:  
• Utilizes simple iterative methods like Gauss-

Seidel. 
• Reduces oscillatory high-frequency error. 

2. Coarse-grid Correction: 
• Transfers information to a coarser grid through 

restriction. 
• Solves the coarse-grid system of equations. 
• Eliminates low-frequency error. 

3. Interpolation: 
• Transfers the solution back to the fine grid.

http://High-Performance%20Geometric%20Multi-Grid%20with%20GPU%20Acceleration


Experimental Testbed

Host Bluefield-3

Core Intel Broadwell E5-2697A Arm Cortex A-78

# Sockets 2 1

Cores/Socket 16 16

Clock (GHz) 2.6 2.25

Private L1 DCache (per core) 32 KB 64KB

Private L2 Dcache (per core) 256 KB 512 KB

Shared L3 Cache (per node) 80 MB 16 MB

DRAM DDR4 (4800 MT/s) DDR5 (5600 MT/s)
Peak flop/s per socket (FP64) 656.6 Gflop/s 288 Gflop/s 

Peak GB/s per socket  76.8 GB/s 69.21 GB/s



Matrix Representation and 
Non-Zero Element Distribution

Matrix rows nnz

AH 4,065 346,665

A22 17,261 248,581

Observation: A22 is smaller but AH stresses cache more, so it’s not clear a priori which to offload

AH A22



“TUNED" STREAM benchmark on Host

M
B/

s

0

25000

50000

75000

100000

Copy Scale Add Triad

1 OMP Thread 2 OMP Threads 4 OMP Threads
8 OMP Threads 16 OMP Threads 32 OMP Threads

Comparative Benchmarking:  
“TUNED" STREAM benchmark on Host vs. Bluefield

“TUNED" STREAM benchmark on Bluefield-3

M
B/

s

0

25000

50000

75000

100000

Copy Scale Add Triad

1 OMP Thread 2 OMP Threads 4 OMP Threads
8 OMP Threads 16 OMP Threads

Evaluating with Array of 20,000,000 elements, running each test 100 times.



Comparative Benchmarking:  
Sparse Matrix Vector Performance on Host vs. Bluefield

The execution of SPMV (OpenMP)

Ti
m

e 
(s

ec
)

0

1

2

3

4

Host BF3

1 OMP Thread 2 OMP Threads 4 OMP Threads
8 OMP Threads 16 OMP Threads 32 OMP Threads

The execution of SPMV (MPI)

Ti
m

e 
(s

ec
)

0

1

2

3

4

Host BF3

1 MPI Process 2 MPI Processes 4 MPI Processes
8 MPI Processes 16 MPI Processes 32 MPI Processes

Evaluating with Matrix of 163,617 Rows and 13,662,045 nnz Elements



Preliminary results: End-to-End Solve-Phase Times 
for miniEM: Host vs. Host + BlueField3

Problem Size #Host Cores / #BF3 
Cores

Host-only Time  
(seconds)

H+BF Time 
(seconds)

Relative 
Scaling

120 256 / 128 85.358 76.1103 1.12

120 128 / 64 137.062 129.928 1.05

120 64 / 32 220.767 213.919 1.03

80 256 / 128 59.862 50.9477 1.17

80 128 / 64 72.0195 63.5482 1.13

80 64 / 32 95.3597 87.6009 1.09

60 256 / 128 38.5208 31.2498 1.23

60 128 / 64 42.619 37.5846 1.13

60 64 /32 51.4106 46.4185 1.11

Times shown are end-to-end solver times.
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Summary

Communication is fundamental and 
inevitable, so anything that addresses 
it should be pursued vigorously. 

Restructuring algorithms, especially 
increasing asynchrony, can exploit 
smartNICs in HPC. We are pursuing a 
variety of candidates, including 
distributed time-tiled stencils, AMR, 
novel collectives, among others. 

Many open questions remain, 
regarding other techniques, 
programming, runtimes, and 
performance modeling.

Mem

xPU

$
cpu

mem

$

Host
💡NIC

Node



Asynchronous I/O in  BlueField Target using OpenMP
#pragma omp parallel
#pragma omp single
{
#pragma omp task
#pragma omp target nowait
{
    for (i = 0; i < 5; ++i)
        printf(“hola - %05d\n”, i);
} // end omp target
#pragma omp task
{
    for (j = 0; j < 5; ++j)
        printf(“adios - %06d\n”, j);
} // end omp task
} // end omp single

102



Asynchronous I/O in  BlueField Target using OpenMP
#pragma omp parallel
#pragma omp single
{
#pragma omp task
#pragma omp target nowait
{
    for (i = 0; i < 5; ++i)
        printf(“hola - %05d\n”, i);
} // end omp target
#pragma omp task
{
    for (j = 0; j < 5; ++j)
        printf(“adios - %06d\n”, j);
} // end omp task
} // end omp single
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Asynchronous I/O in  BlueField Target using OpenMP
#pragma omp parallel
#pragma omp single
{
#pragma omp task
#pragma omp target nowait
{
    for (i = 0; i < 5; ++i)
        printf(“hola - %05d\n”, i);
} // end omp target
#pragma omp task
{
    for (j = 0; j < 5; ++j)
        printf(“adios - %06d\n”, j);
} // end omp task
} // end omp single

102
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Summary

Communication is fundamental and 
inevitable, so anything that addresses 
it should be pursued vigorously. 

Restructuring algorithms, especially 
increasing asynchrony, can exploit 
smartNICs in HPC. We are pursuing a 
variety of candidates, including 
distributed time-tiled stencils, AMR, 
novel collectives, among others. 

Many open questions remain, 
regarding other techniques, 
programming, runtimes, and 
performance modeling.
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communities; however, no research 
community has yet adopted the com-
bination suggested by collective com-
puting. The window of opportunity is 
open now.

A HISTORICAL PERSPECTIVE
One motivation for defining a fourth 
generation of computing is the time 
that has passed since Weiser defined 
the third generation of ubiquitous 
computing. Inspired by his frame-
work, Table 1 summarizes the evolu-
tion of computing generations since 
the 1930s, associated changes in the 
human–computer relationship, canon-
ical devices representing each gener-
ation, and, finally, the driving appli-
cations that encouraged and then 
leveraged wide-scale adoption of those 
technologies.2 In progressing from one 
generation to the next, the previous 
generations’ devices and applications 
do not disappear but, rather, are aug-
mented by those of the next generation.

Generation 1: The mainframe
Automated computing’s origins can be 
traced back many centuries. The first 
vision leading to practical implementa-
tion was Alan Turing’s 1936 formulation 
of a computational engine, the so-called 
Turing machine, which has since influ-
enced the architecture of computa-
tional devices.3 Turing’s ideas and work 
inspired the creation of automated com-
puting machines during World War II.

The assumption of the human–
computer relationship was that a 

single “mainframe” device would sup-
port many individuals, initially one 
at a time but eventually in seemingly 
simultaneous fashion. Ironically, the 
initial “killer app” for this first gener-
ation of mainframe computing was to 
help military powers decrypt enemy 
messages and calculate ballistics to 
more accurately target their forces. 
Once the war ended, large corpora-
tions realized that mainframes could 
automate much of their data process-
ing needs. They acquired their own 
mainframes to support business activ-
ities involving important but tedious 
calculations, such as accounting.

Generation 2: The PC
By the late 1960s, visionaries like 
J.C.R. Licklider recognized opportuni-
ties for boosting human performance 
through enhanced connection to com-
putation. Douglas Engelbart’s NLS/
Augment project, famously demon-
strated in 1968, showed for the first 
time how computing could augment 
human cognitive and communicative 
capabilities. Alan Kay and his Xerox 
PARC colleagues—inspired by the 
Ethernet, raster displays, and laser 
printing—created the first examples 
of a “personal” computer. This device 
transformed the human–computer 
relationship into one where each indi-
vidual had his or her own computa-
tional device. 

While these visions and prototypes 
explored applications for every indi-
vidual, the PC industry did not take off 

until the adoption of the spreadsheet for 
use in businesses. Using the metaphor 
of the accountant’s ledger, electronic 
spreadsheets became an essential tool 
for accounting and forecasting func-
tions. Once businesses had invested 
in PCs for many of their employees, 
follow-on applications such as database 
management and document processing 
programs leveraged this investment 
and encouraged further purchases, with 
PCs eventually moving into homes.

Generation 3: 
Ubiquitous computing
By the late 1980s, personal computing 
had taken hold and new visionaries 
were dreaming of what was to come 
next. Weiser first articulated a com-
puting revolution by claiming that the 
human–computer relationship would 
lure individuals to own and interact 
with multiple devices. Weiser, as well 
as Ken Sakamura (University of Tok-
yo), Andy Hopper (Olivetti Research 
Laboratory), and William Newman 
and Michael Lamming (RankXerox 
EuroPARC), also envisioned compu-
tational devices of different sizes and 
capabilities. Weiser used the analogy 
of inch-, foot-, and yard-scale devices 
that differed not only in size but also 
in mobility and ownership. 

Two applications spurred ownership 
of inch-scale devices in the mid-1990s. 
First, simplified synchronization of PC–
based calendar and contact information 
to pocket-sized PDAs pushed the sale 
of those devices to busy, highly mobile 

TABLE 1. A framework for comparing computing generations, inspired by Mark Weiser.
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Network and Host Interfaces
Network Interfaces

 > Ethernet - Dual ports of 10/25/50/100Gb/s, or a 
single port of 200Gb/s

 > InfiniBand - Dual ports of EDR / HDR100, or 
single port of HDR

PCI Express Interface
 > 8 or 16 lanes of PCIe Gen 4.0
 > PCIe switch bi-furcation with 8 downstream 
ports

ARM/DDR Subsystem
Arm Cores

 > Up to 8 Armv8 A72 cores (64-bit) pipeline
 > 1MB L2 cache per 2 cores  
 > 6MB L3 cache with plurality of eviction policies

DDR4 DIMM Support
 > Single DDR4 DRAM controller 
 > 8GB / 16GB / 32GB of on-board DDR4
 > ECC error protection support

Hardware Accelerations
Security

 > Secure boot with hardware root-of-trust 
 > Secure firmware update
 > Cerberus compliant

 > Regular expression (RegEx) acceleration 
 > IPsec/TLS data-in-motion encryption
 > AES-GCM 128/256-bit key
 > AES-XTS 256/512-bit data-at-rest encryption 
 > SHA 256-bit hardware acceleration
 > Hardware public key accelerator

 > RSA, Diffie-Hellman, DSA, ECC,  
EC-DSA, EC-DH

 > True random number generator (TRNG)

Storage
 > BlueField SNAP -  NVMe™ and VirtIO-blk
 > NVMe-oF™   acceleration
 > Compression and decompression acceleration
 > Data hashing and deduplication
 > M.2 / U.2 connectors for direct attached storage

Networking
 >  RoCE, Zero Touch RoCE

 > Stateless offloads for:
 > TCP/UDP/IP
 >  LSO/LRO/checksum/RSS/TSS/HDS 
 > VLAN insertion/stripping

 >  SR-IOV  
 >  VirtIO-net
 >  Multi-function per port
 >  VMware NetQueue support
 >  Virtualization hierarchies
 >  1K ingress and egress QoS levels

Boot Options
 > Secure boot (RSA authenticated) 
 > Remote boot over Ethernet
 > Remote boot over iSCSI
 > PXE and UEFI

Management
 > 1GbE out-of-band management port
 > NC-SI, MCTP over SMBus, and MCTP over PCIe 
 > PLDM for Monitor and Control DSP0248
 > PLDM for Firmware Update DSP026
 > I2C interface for device control and 
configuration

 > SPI interface to flash
 > eMMC memory controller 
 > UART
 > USB

FEATURES

BlueField-2 DPU - 2x 25Gb/s HHHL  
form factor

BlueField-2 DPU - 2x 100Gb/s FHHL  
form factor

BlueField-2 DPU - 2x 25Gb/s OCP3.0 SFF  
form factor

ORDERING INFORMATION
For information about NVIDIA ordering information, please contact your NVIDIA sales 
representative or visit our Nvidia BlueField-2 User Guide index page: 

NVIDIA BlueField-2 Ethernet boards
NVIDIA BlueField-2 InfiniBand/VPI boards
NVIDIA BlueField-2 for OCP3.0

To learn more about the NVIDIA BlueField-2  visit www.nvidia.com/dpu
© 2021 NVIDIA Corporation. All rights reserved. NVIDIA, the NVIDIA logo, Accelerated Switch and Packet Processing (ASAP2), BlueField, 
ConnectX, GPUDirect, Mellanox, and BlueField SNAP are trademarks and/or registered trademarks of NVIDIA Corporation in the U.S. and 
other countries. Other company and product names may be trademarks of the respective companies with which they are associated. All 
other trademarks are property of their respective owners. 
ARM, AMBA, and ARM Powered are registered trademarks of ARM Limited. Cortex, MPCore and Mali are trademarks of ARM Limited. 
“ARM” is used to represent ARM Holdings plc; its operating company ARM Limited; and the regional subsidiaries ARM Inc.; ARM KK; 
ARM Korea Limited.; ARM Taiwan Limited; ARM France SAS; ARM Consulting (Shanghai) Co. Ltd.; ARM Germany GmbH; ARM Embedded 
Technologies Pvt. Ltd.; ARM Norway, AS and ARM Sweden AB. APR21

Support: For information about NVIDIA support packages, please contact your NVIDIA  sales representative or visit our Support Index page.
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BluesMPI: MPI Non-blocking Alltoall Offloading on BlueField Smart NICs 25

Step 1) Metadata Aggregation to the Host Communicator Leader Process:
Once a process in the host communicator registers its send and receive buffers,
it creates a collective info object that includes RDMA buffer addresses and
keys. It also includes this process’s rank in MPI COMM WORLD as well as the
count and datatype of this collective call. This information is the Metadata for
the collective call from this host process. The host communicator leader (which
is rank 0 in our design) gathers the Metadata from all the processes in the
communicator.

Fig. 4. BluesMPI procedure to offload non-blocking Alltoall collective operation to the
worker processes on the Smart NIC. Step 0 is not included in this figure.

Step 2) Metadata Registration with HCA and Offloading the Task Object to
Leader of the Workers Group: Once the host communicator leader generates the
array of Metadata, it has to register this array with HCA so that all the Worker
process on the Smart NIC can read whatever information that they require at
any time during progressing the collective. Once the registration is done, the host
communicator leader creates a new task object and sends it to the Workers group
leader. This task object has the information about the type of the collective and
the algorithm which must be performed by the Worker processes on the Smart
NIC. It also has the RDMA information of the Metadata array and the host
communicator size.

From now, the host processes are free to perform useful application compu-
tation. In the meantime, the leader of the Worker group on Smart NIC waits
for the incoming task objects from the leaders of the host communicators. Since
the application could have several sub-communicators, the leader of the Work-
ers group on Smart NIC can receive several task objects at the same time. It
is also possible that even for a single host communicator, several back-to-back
nonblocking collective calls are issued before going into the MPI Wait. In order
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OpenSNAPI

8/11/20 |   9Los Alamos National Laboratory

• OpenSNAPI is a project of the UCF 
Consortium

• Straight from the source:
– “OpenSNAPI is a collaboration between industry, 

laboratories and academia with the goal to create a 
standard application programming interface (API) for 
accessing the compute engines on the network, and 
specifically on the smart network adapter. OpenSNAPI 
allows application developers to leverage the network 
compute cores in parallel to the host compute cores for 
accelerating application runtime, and to perform operations 
and processing closer to the data.”

Source: https://www.ucfconsortium.org/projects/opensnapi/
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Anatomy of a 
supercomputer

The basic building block of a distributed-
memory cluster or supercomputer is a node. 

Each node includes a host, which is a 
processor (xPU) + memory hierarchy. 

The host can communicate with other hosts 
via its NIC (network interface controller). 

A network connects the nodes. The nodes 
may be arranged in some topology, which 
determines the network’s carrying capacity 
and cost.

Node

Network

Mem

xPU

$

Host
NIC
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DPUs in modern 
clusters

The basic building block of a distributed-
memory cluster or supercomputer is a node. 

Each node includes a host, which is a 
processor (xPU) + memory hierarchy. 

The host can communicate with other hosts 
via its NIC (network interface controller). 

A network connects the nodes. The nodes 
may be arranged in some topology, which 
determines the network’s carrying capacity 
and cost. 

In a smartNIC, the NIC becomes “host-like” 
via the addition of processing (ypu) and 
memory. 

Node
“ S M A R T E R ”  N I C S  F O R  F A S T E R  M O L E C U L A R  D Y N A M I C S :  A  C A S E  S T U D Y

Network

Mem

xPU

$
ypu

mem

$

Host
!NIC
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Hybrid MPI/OpenMP 
performance results  

Lower is better
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Hybrid MPI/OpenMP 
performance results  

Our algorithm works best when it can 
completely hide the force computation time 
on BlueField. 

The degree of achievable overlap depends 
on the relative computational power of the 
host and BlueField. 

The knee of each curve indicates where the 
running times of neighbor-build on the host 
and force-compute on the BlueField are 
closest. 

Thread synchronization overhead in the force 
computation routine causes the performance 
not to scale proportionally to the number of 
threads.  
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Hybrid MPI/OpenMP 
performance results  

Our algorithm works best when it can 
completely hide the force computation time 
on BlueField. 

The degree of achievable overlap depends 
on the relative computational power of the 
host and BlueField. 

The knee of each curve indicates where the 
running times of neighbor-build on the host 
and force-compute on the BlueField are 
closest. 

Thread synchronization overhead in the force 
computation routine causes the performance 
not to scale proportionally to the number of 
threads.  

2.5x faster

8 cores 

1core
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FC FCUV UVBluefiled FC UVFC UVC CNBEX UB NBEX UB

   tF = tEX + tFC + tC

tEX tFC tC
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FCC EX

NBEXUB FCUV UV UVFC UVC C NBEXUB

FCC EX

toff-path  = tremain  + (ax(tN , tF)  #re-neighboring×
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toverlap = max(tN , tF) toverlap = max(tN , tF)

toff-path  = tremain  + max(tN , tF)  #re-neighboring×

toff-path

Bluefield

Host

FCC EX

NBEXUB FCUV UV UVFC UVC C NBEXUB

tN

tF

FCC EX
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Predictive power of our 
performance model  

The model can closely predict the algorithm 
runtime. Actual Measurements

Predicted by Model

4 cores on BlueField

8 cores on BlueField
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How about a DPU with more 
performant core?
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BlueField-2
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Same predicted performance! 
(due to no sync overhead on aux node)
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S M A R T E R  A L G O R I T H M S  F O R  S M A R T E R  N E T W O R K S ?

120

Conducted performance analysis using the 
OSU Microbenchmarks suite and the “off- 
the-shelf” version of MiniMD to understand 
the opportunities and limitations presented 
by the BlueField for potential HPC 
applications.  

Verified that the computed simulation results 
for the restructured method are still within an 
acceptable level of accuracy, in terms of 
calculated physical quantities. 

Other highlights from 
the paper

“Smarter” NICs for faster molecular dynamics:
a case study
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Abstract—This work evaluates the benefits of using a “smart”

network interface card (SmartNIC) as a compute accelerator

for the example of the MiniMD molecular dynamics proxy

application. The accelerator is NVIDIA’s BlueField-2 card, which

includes an 8-core Arm processor along with a small amount of

DRAM and storage. We test the networking and data move-

ment performance of these cards compared to a standard Intel

server host using microbenchmarks and MiniMD. In MiniMD,

we identify two distinct classes of computation, namely core

computation and maintenance computation, which are executed

in sequence. We restructure the algorithm and code to weaken

this dependence and increase task parallelism, thereby making it

possible to increase utilization of the BlueField-2 concurrently

with the host. We evaluate our implementation on a cluster

consisting of 16 dual-socket Intel Broadwell host nodes with one

BlueField-2 per host-node. Our results show that while the overall

compute performance of BlueField-2 is limited, using them with

a modified MiniMD algorithm allows for up to 20% speedup over

the host CPU baseline with no loss in simulation accuracy.

I. INTRODUCTION

SmartNICs are network interface cards with extended com-
putational capabilities (see Section II-A and the survey by
Grant et al. [1]). There is growing agreement that the ability
to do on-NIC compute will have a critical enabling role
in cloud and datacenter architectures, especially in tackling
functions such as networking control, storage management,
and security. On-NIC compute capabilities might take the form
of special-function ASICs or FPGAs, but in this paper, we
are especially interested in the case of embedded general-
purpose multicore processors and memories. We focus on the
NVIDIA (née Mellanox) BlueField SmartNIC designs, with
experiments conducted on the BlueField-2 implementation.

Having a flexible compute unit close to both the host CPU as
well as the network infrastructure raises a number of questions
about the role they can play in other classes of applications,
such as those in high-performance computing (HPC). While
exploratory work along these lines exists, especially at the
middleware layer (Section II-A), applications-level work re-
mains nascent. Thus, in this paper we investigate the potential
of SmartNICs as a de facto compute accelerator for HPC
applications. That is, are there other possible scenarios to use
SmartNICs besides previously assumed tasks like networking
control, storage management, or security?

We consider this question using the case study of MiniMD,
a molecular dynamics (MD) simulation benchmark. MiniMD
is simple enough to study in detail while also having chal-
lenging characteristics: the simulation behavior and its com-
munication to computation ratio can vary with different input
and configuration-parameter values, including problem size,
the number of processors, and the re-neighboring frequency,
among others, making it an excellent choice to examine the
new hardware in some detail.

There are three key challenges to porting MiniMD to
BlueField profitably. First, there is a sequential dependence
between the core parts of each iteration of MiniMD, mak-
ing it difficult to concurrently offload communication- or
computation-related routines to BlueField. Second, for larger
problem sizes, MiniMD’s communication time is small com-
pared to its computation time, making it nontrivial to extract
reasonable performance by hiding communication load. Third,
our experiments with the OSU MPI microbenchmark in Sec-
tion III show that BlueField does not actually outperform con-
ventional host-to-host communication in latency or bandwidth
due to its slow CPU.

To overcome these challenges, our strategy is to change
the algorithm. The original MiniMD algorithm relies on an
expert-tuned parameter-based heuristic to periodically rebuild
and maintain certain internal data structures, which suggests
alternative heuristics are possible. We develop one that can
relax the sequential dependence of certain operations in Min-
iMD. This change exposes additional task-parallelism that a
BlueField can then exploit. This approach is an instance of
how platform characteristics can inform a redesign of the
application’s algorithm and implementation.

We evaluate our method experimentally against the MiniMD
baseline on the Thor cluster at the HPC Advisory Council
(Table I). Our contributions are:

• We conduct performance analysis to understand the op-
portunities and limitations presented by the BlueField for
potential HPC applications.

• We evaluate strategies for partitioning communication-
and compute-oriented tasks for the MiniMD applica-
tion. The potential offloading scenarios considered are
1) communication-heavy routines offloaded to the Blue-
Field, and 2) computation-heavy routines offloaded to

TABLE IEXPERIMENTAL SYSTEM CONFIGURATION. THE TESTBED IS A 32-NODE CLUSTER, WHERE EACH NODE CONTAINS A DUAL-SOCKET X86 HOST AND ONE
BLUEFIELD. EACH ROW OF THE TABLE BELOW IS A PER-NODE CONFIGURATION. THE LINK BANDWIDTH IS 12.5 GB/s (INFINIBAND HDR AT 100 Gbps).

Cores Peak flop/s Peak GB/sHost Sockets x CPU per socket per socket Memory per socket Device TypeThor 2 ⇥ Intel Broadwell (E5-2697A), 2.6 GHz 16 656.6 Gflop/s 256 GiB 76.8 GB/s Host CPUThorBF 1 ⇥ Arm A72, 2.5 GHz 8 80.0 Gflop/s 16 GiB 25.6 GB/s BlueField P-Series

(a) OSU MPI latency
(b) OSU MPI bandwidthFig. 3. OSU MPI latency and bandwidth tests, relative to conventional host-to-host communication: BF-to-BF latency is higher, and bandwidth lower, than

host-to-host communication for message sizes under 16 KiB. (Data sizes are in bytes.)

(a) OSU MPI multiple message rate
(b) OSU MPI multiple bandwidthFig. 4. OSU MPI multiple message rate and multiple bandwidth tests, run between 8 pairs of BF-to-BF or host-to-host processes: Like Fig. 3, a crossover

around 16 KiB occurs when BF-to-BF communication outperforms host-to-host communication. (Data sizes are in bytes.)

The execution time breakdown of MiniMD, in the host-onlysetting, appears in Fig. 7. Here, ttotal is the overall executiontime, tforce is the time consumed by the force_compute()routine, tneigh is the time consumed for the neighbor_build()routine, and tcomm is cumulative time spent on the exchange(),border(), and communicate() routines. The time tcomm isnot pure communication time; it also includes the time re-quired to prepare the data for communication. We can seethat tcomm has a small share of the overall execution time.Therefore, in a host-BlueField hybrid setting, offloading only

the communication routines to BlueField would not resultin a significant overall performance gain. Additionally, sinceMiniMD’s communication tasks depend on prior computationsteps, decoupling these routines from the rest of the applicationand offloading them to a co-processor, while achieving fullcomputation-communication overlap, is not a trivial task.
So what could be done instead? Figure 7 indicates thatadditional computation overlap may be possible. This findingmotivates our design approach in Section IV, which seeks tooffload work to BlueField.

5
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OSU benchmarks 
imply off-path mode

(Blue line) For message sizes under 16 KiB, 
BF2-to-BF2 communication is slower than 
host-to-host communication using 
conventional Infiniband NICs. 

(Orange line) For messages under 64 KiB, it 
is even slower to exchange messages 
between the host and the BF2 on the same 
node! 

Similar findings hold for multi-pair 
communication and all-gather operations. 

Thus, our best bet for getting any 
performance improvement will be via off-
path execution.
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OSU benchmarks 
imply off-path mode

(Blue line) For message sizes under 128 KiB, 
the latency of BF2-to-BF2 communication is 
higher than host-to-host communication 
using conventional Infiniband NICs. 

(Orange line) For messages under 256 KiB, it 
is even slower to exchange messages 
between the host and the BF2 on the same 
node! 

Similar findings hold for multi-pair 
communication and all-gather operations. 

Thus, our best bet for getting any 
performance improvement will be via off-
path execution.
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OSU benchmarks 
imply off-path mode

Even BF2 one-sided communication is 
slower than conventional Infiniband.
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OSU benchmarks 
imply off-path mode

The time to complete a BlueField-to-
BlueField all-gather is always worse—up to 
3x—than via conventional NICs.
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OSU benchmarks 
imply off-path mode

The time to complete a BlueField-to-
BlueField all-reduce is always worse—up to 
more than 4x—than via conventional NICs.
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OSU benchmarks 
imply off-path mode

For message sizes at 16 KiB or smaller, BF-to-
BF communication is slower than 
conventional Infiniband.
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MiniMD “as-is” does 
not benefit from BF2

Each BF2 is a “mini-host.” Therefore, 
consider an experiment in which we run 
MiniMD using only the BF2 cards (i.e., no 
node-host processing). 

Because of its slower cores and worse 
communication properties, MiniMD is 
always slower than running it without 
BF2, at all problem sizes (x-axis), any re-
neighboring interval (lines), and any node 
configuration (subplot). 

This type of result is characteristic of the 
PENNANT study of Williams et al. mentioned 
previously: without any algorithmic or code 
restructuring, we should not expect any 
benefits.
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Restructured method is a 
viable simulation heuristic

Temperature divergence rate (TDR): a proxy 
metric to assess the accuracy of our algorithm
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Restructured method is a 
viable simulation heuristic

Temperature divergence rate (TDR): a proxy 
metric to assess the accuracy of our algorithm 

We also verified that the computed results of 
the restructured method are still within an 
acceptable level of accuracy. 


