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Motivation
• HPC systems run critical workloads

• Made up of interconnected nodes

• Compute power has advanced exponentially

• The I/O subsystem has not scaled at the same pace

• Inefficient I/O leads to idle compute resources and 
reduced overall performance

Interconnected Compute Nodes

Storage Nodes

I/O remains a persistent bottleneck
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Why is I/O a Bottleneck? 
• HPC I/O stack is complex

• I/O bottlenecks arise because data must 
move through the multiple layers

• Bottleneck in any layer can propagate 
through the entire I/O path

How can I/O be optimized?
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Optimizing Parallel I/O
• Significant efforts have been made to optimize I/O performance

• Offline Tuning

• Provide actionable recommendations; optimizations applied in future runs

• Autotuning

• Searches for the optimal parameter configuration; can require hours to converge

• ML-Based Optimization

• Relies on extensive training of ML models; data collected from multiple simulation runs

• Suffer from high resource and time overhead

Can I/O be optimized with minimal overhead? 
Applying 

I/O Tuning

Optimized 
I/O

Computing Time & 
Resources
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SmartIO: End-to-End Runtime I/O Optimization
• Learns how the application performs I/O, identifies recurring access patterns, and automatically optimizes 

them during execution – without requiring exhaustive parameter searches, training, or reruns

• Combines three components together into an end-to-end workflow:

• Prediction of future I/O calls 

• Extraction of I/O access patterns

• Optimization via rules-based mapping

Execution 
Starts

Unoptimized 
I/O Calls

Recorder 
Interception 

Prediction of 
future I/O calls 

Extraction of I/O 
access patterns

Optimization via 
rules-based 

mapping

SmartIO

Optimized 
I/O Calls

High Level I/O 

Parallel I/O 
Middleware

Parallel File 
System

Storage 
Hardware

I/O Stack

Execution 
Ends
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Building the End-to-End Workflow
• HPC applications often execute periodic I/O phases with recurring patterns

• Distinguishing between new and recurring phases
• Keeps track of all I/O files; string matching algorithm to determine new or previously seen file

Start of an I/O 
Phase

Prediction Extraction

Insights stored in memory

New phase? 

Recurring phase?

Identified by 
h5fcreate

Get insights from memory

Optimization
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First Component: Prediction

• Pattern-Recognition

• Recorder uses context-free grammars (CFG) 
to identify recurring I/O patterns

• I/O Call Sequence Prediction
• Prediction algorithm checks if a terminal symbol 

is the start of a recurring pattern
• Multiple rules can be possible predictions

• Weighing system to choose the most accurate 
prediction → Hash Table

• Symbols mapped to function calls and stored in a 
stack
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Second Component: Extraction
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Second Component: Extraction
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Second Component: Extraction
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Third Component: Optimization
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Third Component: Optimization



Empirical Evaluations

• Evaluations for Lustre Stripe Count

• Significant literature to guide in formulating the optimization rule for correct stripe count

• However, should the striping be done statically or progressively?

• Performed a scaling study with IOR, increasing the number of block sizes

• Results showed that progressive striping performs better with increasing file sizes 

14/49
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Optimizing IOR at Runtime

• Performed a scaling study on Lassen and Ruby
• No. of nodes: 8 to 32
• MPI processes: 256 to 1024

IOR configuration for the scaling study
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Mapping Insights to Optimizations

Collective I/O

Transfer Size < 4MB

Shared File I/O

Sequential Accesses

Lustre PFS

Predicted Insights Applied Optimizations

Changed data transfer mode from 
collective to independent
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Mapping Insights to Optimizations
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Sequential Accesses

Lustre PFS
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Mapping Insights to Optimizations

Collective I/O

Transfer Size < 4MB

Shared File I/O

Sequential Accesses

Lustre PFS

Predicted Insights Applied Optimizations

Changed from no alignment to 
1MB

Changed metadata cache size 
from 2MB to 8MB

Changed data transfer mode from 
collective to independent

Switched romio_cb_write from 
automatic to disable
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Mapping Insights to Optimizations

Collective I/O

Transfer Size < 4MB

Shared File I/O

Sequential Accesses

Lustre PFS

Predicted Insights Applied Optimizations

Changed from no alignment to 
1MB

Changed metadata cache size 
from 2MB to 8MB

Switched romio_cb_write from 
automatic to disable

Set progressive striping

Changed data transfer mode from 
collective to independent
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IOR Bandwidth Speedup

• 13x read & 12x write bandwidth speedup
• < 1s of tuning overhead

Prediction & 
Extraction

Optimization OptimizationPrediction & 
Extraction

I/O Phase I/O Phase
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IOR Execution Times
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Optimizing Flash-X at Runtime
• Performed a scaling study on Ruby

• No. of nodes: 8 to 32

• MPI processes: 448 to 1792

Flash-X configuration for the scaling study
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Mapping Insights to Optimizations

Collective & 
Independent I/O

Transfer Size <= 1MB

Shared File I/O

Lustre PFS

Predicted Insights Applied Optimizations

Updated cb_config_list from 1 to 8
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Mapping Insights to Optimizations

Collective & 
Independent I/O

Transfer Size <= 1MB

Shared File I/O

Lustre PFS

Predicted Insights Applied Optimizations

Changed from no alignment to 
1MB

Changed metadata cache size 
from 2MB to 8MB

Updated cb_config_list from 1 to 8
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Mapping Insights to Optimizations

Collective & 
Independent I/O

Transfer Size <= 1MB

Shared File I/O

Lustre PFS

Predicted Insights Applied Optimizations

Changed from no alignment to 
1MB

Changed metadata cache size 
from 2MB to 8MB

Updated cb_config_list from 1 to 8

Set progressive striping
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Flash-X Bandwidth Speedup

Prediction & Extraction Optimization

I/O Phase
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Flash-X I/O Times

• ~50% I/O time reduction

• < 4s of tuning overhead
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Overhead
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Comparison with State-of-the-Art
• Compared speedup and tuning overhead with autotuning frameworks

• Ran SmartIO on same IOR configuration

Comparison of achieved speedup and tuning overhead on the IOR benchmark: SmartIO 
vs. state-of-the-art
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Conclusion

• Challenge: State-of-the-art optimization approaches are time and resource intensive

• This paper introduces SmartIO, a lightweight end-to-end workflow for runtime I/O 
optimization

• Can optimize the different layers of the I/O stack without prior training, profiling, or 
parameter searches
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Future Work

• How can AI/LLMs assist in parallel I/O optimization? 

Start of an I/O 
Phase

Prediction Extraction AI agent

New phase? 

Recurring phase?

Identified by 
h5fcreate

Insights stored in memory

Get insights from memory

Optimization
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Thank you!
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