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The new normal
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Motivation

Challenges:

. HPC and Al workloads demand efficient Volume of data created and replicated worldwide (source: Ipc)

handling of petabyte-scale data. = 181
. . 180
> Centralized storage impacts performance.
. . w 160 147
~ Server-side caches constrained by DRAM s
and network bandwidth; scalability is £ 120
limited as server resources cannot grow = 97
dynamically with workload demands. 2 79
. . = 80
~ Most node-local client-side caches lack e =
. ]
data sharing across nodes. 5 41
O 40 6 33
W T O S s 2 I I
Need: An effective caching solution RO S G s G I G I A

compatible with modern memory/storage
technologies.
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Fabric-attached memory

¢ Benefits

¢ Independent scaling of compute and memory
> Improved utilization, reduced overprovisioning
> Decoupling of failure domains

s Reduced depth of I/O stack for large workloads
> VM instead of disks/SSDs
> Support for in-memory formats

s Challenges

¢ Coherence domains are limited to individual
nodes

> Transparent caching or paging limits scalability

g Fabric latency is large compared to local memory

> Software has to be (usually) refactored for
performance

s Few easy-to-use APls available for developers
> A number of efforts’? underway

> Generally use object store or file system abstractions

1. Intel DAOS: https://github.com/daos-stack/daos

2. M. Grodowitz, P. Shamis, and S. Poole, “OpenSHMEM 1/0 Extensions for Fine-Grained Access to Persistent Memory Storage,” in Driving Scientific and Engineering

1/0 network

Local DRAM
SoC
Local DRAM
SoC
Compute node
[ ]
[ ]
[ ]
Local DRAM
SoC
Local DRAM
SoC

Compute node

Memory

Memory
()
=
Q2
o]
(¥4
>
S
o
£
()
=

Memory

Memory

Fabric-Attached
Memory Pool

Discoveries Through the Convergence of HPC, Big Data and Al, vol. 1315, J. Nichols, B. Verastegui, A. ‘Barney’ Maccabe, O. Hernandez, S. Parete-Koon, and T. Ahearn, Eds.

Cham: Springer International Publishing, 2020, pp. 318—333; https://github.com/openucx/shmem-opensnapi
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Outline

. Global client-side cache architecture
. Components of the Global Client-side cache

. Evaluation of the benefits of the cache with PageRank
. Future work

. Summary
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Global client-side cache architecture

B S S —— >
High-speed RDMA network f
1
e
Shared Cache: .  Efficient Data Access:
- Tiered Caching: DRAM, local NVMe SSDs, . Local SSDs as spillover storage, balancing cost and
and GPU memory. performance.
- Adistributed cache manager consolidates - Data cached locally to nodes with higher probability of
per-node resources and access latencies access, enables scheduling tasks closer to data.
for each tier. - Data moved dynamically located across tiers (DRAM,
. Cache is shared across applications SSDs, HDDs). _
running in a cluster. - RDMA-based high-speed data movement.
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‘Components of the Global Client-side Cache

.. Cache Manager:

[ Applications/ File system clients / Object Store clients ] - Coordinates cache
capacity and usage
Cache Manager (CM) . N N across nodes.
i i pe1/client1 | | PE2/client2 PEn/Clientn - Ensures data consistency

Multi-tiered data caching (DRAM, local SSDs) and correctness

" Efficient ROMA to/from cache (CPU/GPUS] using [h."""““m] [h‘:’.'.f'";a..] . RDMA-Based Framework:

. OpenFAM J .
( ~ - Enables high-speed, low-
\ Cache Policies and algorithms for data placement | M M ors M Iatency data movement.
Queryable data locality framework ° US¢§ OpenFAM for
Framework for data consistency, correctness | ey e e man agement_
‘ spillover spillover spill H : .
Cache Managar metadats space space wee || 3 APl and Configuration:
‘ \ J \ J —_— - Comprehensive APIs for

object management,
Parallel Filesystem/ Object Store e.g. DAOS data daCcess, and
metadata handling.

- Configurable eviction
policies and invalidation
mechanisms.

202 I f Il Righ d i | 25
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‘Cache Manager

Functionality:

Cache Manager (CM) o Tracks dirty bits and maintains global metadata.
4 b o Supports configurable invalidation and eviction
Multi-tiered data caching (DRAM, local SSDs) policies

o Monitors cache usage and moves data across
nodes and memory/storage tiers.
Mechanisms for Data Access:
CPU and GPU Memory:

N
J

Efficient RDMA to/from cache (CPU/GPUs)

~
VAN

Cache Policies and algorithms for data placement

) J - Uses RDMA for remote memory access.

[ Queryable data locality framework | o Leverages OpenFAM for efficient inter-node data
b P transfers.

( Frameworkfor data consistency, correctness | - SSDs/Flash Storage:

) : ) o Accesses data through operating system or file

( | system interfaces.

\ Cache Manager metadata ) . Distributed File Systems/Object Stores:

o Integrates with APIs to access data stored in
distributed systems.
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APl and Configuration Overview

Cache Manager APIs

A robust set of APIs to manage
distributed caching systems, enabling

= Key API Categories and Examples

efficient data access, caching, and * Object Management
management across multiple nodes cm_open_object, cm_close_object,
and memory/storage tiers. cm_delete_object

e Data Access
APIs are accessible to frameworks like cm_read, cm_write, cm_preserve
runtime systems or storage clients  Metadata and Locality
(e.g_’ DAOS clients)_ cm_get_cache_config, cm_get_locality,

. . ) i cm_set_cache_config
User-visible APIs allow configuration + Directory Management

of caching policies and parameters. cm_mkdir, cm_rmdir

—

9]©202 I f Il Righ d i | 25
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RDMA-Based Framework and Protocol for Global Cache

. OpenFAM Integration:
o OpenFAM is an APl and

Software stack on a compute

Computes node that also
contributes memory to the

Software stack on a node that

shared memory pool contributes to the memory pool

L

reference implementation for node that accesses shared
accessing a shared pool of memery pool(FAM)
memory over fabric. 1

> Leverage OpenFAM for RDMA .
between nodes in the Global Compute node
cac h € Application

. OpenFAM Memory Servers:

o M ana %e memo ry OpenFAM Library

contributions to the global
cache on individual nodes.

o Operate on each node to RPC client

handle memory mapping,

allocation, and release o

Libfabric

cache segments.

o Enables efficient data sharing

Compute
node

node

Memory node
Memory RPC server
node
Libfabric

Memory Manager

Region files

across heterogeneous
environments with CPUs and

GPUs.

OpenFAM: A library for programming Fabric-Attached Memory

Metadata
services
v

High-speed Interconnect
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https://openfam.github.io/
https://openfam.github.io/
https://openfam.github.io/

OpenFAM: APl for programming fabric-attached memory

~ Inspired by
> OpenSHMEM'
> HPE's work on The Machine program

- The API? largely parallels the OpenSHMEM 1.3 API

> Get/put, scatter/gather, atomics, memory ordering (fence/quiet)

- Differences between OpenFAM and OpenSHMEM environments:

» Focus is on fabric-attached memory (FAM) instead of remote processing element (PE) memory
> Node memory is treated as private, while FAM is shared
> Any PE can access FAM-resident data independently of other PEs
> FAM-resident data can outlive the application
> Named data items, directory operations (e.g., lookup)
> Permissions associated with allocations
> FAM is not associated with any PE
> Allocation/deallocation can be done from any PE
> Any PE can access any allocation

1. OpenSHMEM : http://www.openshmem.org/site/Specification

2. Keeton K., Singhal S., Raymond M. (2019) The OpenFAM API: A Programming Model for Disaggregated Persistent Memory. In: Pophale S., Imam N.,

Aderholdt F., Gorentla Venkata M. (eds) OpenSHMEM and Related Technologies. OpenSHMEM in the Era of Extreme Heterogeneity. OpenSHMEM 2018.
Lecture Notes in Computer Science, vol 11283. Springer, Cham

202 I f Il Righ d i | 25
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OpenFAM APl summary’

API
» Data path operations

> Get, put, gather, scatter
> Blocking, non-blocking, atomic variants

s FAM atomics
> Fetching and non-fetching atomics
» Memory ordering and collectives
> Quiet, fence, barrier
> Thread safety and contexts
» Memory management

> Region creation, resizing, destruction
> Data item allocation, deallocation

: 1. The complete APIlis documented at https://OpenFAM.github.io

: . - 25
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OpenFAM performance numbers

Effect of varying memory servers on latency Cluster configuration
- 52-node Slingshot-based HPC
45 cluster.
% . %'__ i | : . Compute nodes: 2-socket AMD
S 3 EPYC 7763, 1 TiB DRAM.
£ 2 . Memory nodes: 4 TiB DRAM.
T s . Results:
= . . Latency <5 microseconds for
0 short messages.
0 2 4 6 8 10

Number of memory servers
—+—fam_get_blocking (8 bytes) fam_put_blocking (8 bytes)
--—fam_get_blocking (64 bytes) —=fam_put_blocking (64 bytes)
-=—fam_get_blocking (256 bytes) -+=-fam_put_blocking (256 bytes)
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OpenFAM performance numbers

Cluster configuration
o 52-node Slingshot-based HPC cluster.
o Compute nodes: 2-socket AMD EPYC 7763, 1

TiB DRAM. . fam_get_nonblocking APl Mutithread Performance for OpenFAM-3.1 by
o MemOfy nodes: 4 TiB DRAM. varying transfer size and number of threads (1, 2, 4 and 8) with 1PE, 1
- Results: Memory Server
o Blocking and non-blocking RDMA operations 30
achieve near link bandwidth. 25

)
(=]
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fam_put_nonblocking APl Mutithread Performance for OpenFAM-3.1 by 10 —e—get_nb_3.1-4
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PageRank Algorithm & Cache Optimization

> PageRank is a web page ranking
algorithm developed by Google

founders Larry Page and Sergey Brin.

> Models the web as a directed graph:
> Nodes = web pages
> Edges = hyperlinks
> A page’s importance is determined
by the quantity and quality of
incoming links.
> Computation:

> Uses Sparse Matrix-Vector
Multiplication (SpMV)

> Web graph = sparse adjacency matrix

> PageRank vector updated iteratively:
> Repeats until scores converge

15|©2025 SNIA Developer Conference. All Rights Reserved.

PageRank Computation using SpMV

Sparse Adjacency Matrix % Each row = web page

(Web Graph)

Each entry = hyperlink

PageRank Vector
(Current Scores) % Rank scores for each page %

|

SpMV Operation
(Matrix x Vector)

output

Updated PageRank Vector
(New Scores)

% Scores after one iteration ‘ﬁ
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PageRank locality-aware scheduling and Client-side caching

SpMV: Baseline Scheduling (Remote Memory Access Every Iteration, Mixed Tasks)

Remote Memory\

Matrix Vector
_J
Worker 1) / /Worker 2\ er3
y y y B ~\

reads input (remote)
Worker 1) Worker 2\

] o)
Task 1: SpMV (lter 1) ‘ ‘ Task 2: SpMV (lter 2) ‘

‘ Task 2: SpMV (lter 1)

]
Task 3: SpMV (lter 2) ‘

‘ Task 3: SpMV (lter 1)

o) ]
Task 1: SpMV (lter 2)

SpMV: Locality-Aware Scheduling (Remote First Iteration, Local Second Iteration)

Remote Memory

Matrix

Vector

_/

y

EI .
‘ Task 1: SpMV (lter 1) Task 1: SpMV (lter 2) Dreads matrix (local)

\

y

] ]
Task 2: SpMV (lter 1) ‘ ‘ Task 2: SpMV (lter 2) H

~\
] ]
‘ Task 3: SpMV (lter 1) ‘ ‘ Task 3: SpMV (lter 2) H
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Demonstration of the benefits of locality-aware scheduling and client-side caching

Experiment Setup:

. Baseline: data fetched from remote
memory every iteration.

- Optimized: Locality-aware
scheduling with client-side caching.

- Matrix size: 16M x 16M.

- Hardware: 16 workers, 4 memory
servers, Slingshot interconnect.

- Two-socket AMD EPYC 7763 64-Core
Processor

Note: This comparison focuses solely on local

vs. remote DRAM access and does not include
any evaluation of DAOS operations.

17 | ©2025 SNIA Developer Conference. All Rights Reserved.

PageRank with 16 workers

300

250

200

150

100
: -
o I | - | [ |

1 2 4

Time taken in seconds

B Page Rank with locality and

) 30.4811 30.9705 31.4381 32.5143
Client Cache

B PageRank without locality

and Client Cache 30.6219 60.4132 120.316 240.429

Mumber of PageRank lterations

B PageRank with locality and Client Cache B PageRankwithout locality and Client Cache

Results:

- Preliminary experiments show optimized
version ~7x faster than baseline after 8
iterations.

Insights:

- Locality-aware scheduling significantly

improves performance.

HPE Propri ’S D @
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Future Vision

Planned Features:

. Multiple configurable caching polices.

. Configurable invalidation mechanisms.

. Enhanced GPU integration.

- Runtime that takes advantage of the cache.

Long-Term Vision:
. Dynamic capacity adjustments for varying workloads.
. Expand support to other HPC file systems.
. Exploration of extension to server-side cache.

‘ . \\ . - 25
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Summary

Proposed Solution:

Global, multi-tiered client-side cache
for HPC filesystems and object stores.

Supports heterogeneous compute
environments with CPUs, GPUs, and
accelerators.

19 1©2025 SNIA Developer Conference. All Rights Reserved.

Key Benefits:

Reduces latency and improves
efficiency.

Scales independently of storage
servers.

Adapts to diverse workloads and
environments.

o

O

Future Potential:

Extend compatibility to additional file
systems.

Optimize for emerging HPC and Al
workloads.
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FAM blocking operations

—
fam_get_blocking APl Mutithread Performance for OpenFAM-3.1 by varying transfer size and
number of threads (1, 2, 4 and 8) with 1PE, 1 Memory Server
30
25

N
o

Throughput (GB/s)
[ [
o wv

w

Transfer Size in bytes
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fam_get_blocking APl Mutithread Performance for OpenFAM-3.1 by varying transfer size and
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FAM addressing

> FAM iS addressed USing descriptOrS Fam_Region_Descriptor
. * Persistence
> Opaque read-only data structures that uniquely + Redundancy
identify a location in FAM »  Heap location, size
) ) ) * Permissions
> Descriptors are accessible across OS instances . Name
and applications regionl O\

» Use base + offset addressing
> While it is possible to map FAM to a “flat address”,

descriptors carry additiony(ormation
- /

- General API pattern:

Region ID

Data item offset, size
Permissions

[Name]
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