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JVM heap and 0S |I/0 cache compete for DRAM

= Modern JVM systems process large datasets from storage
= E.qg., Elasticsearch, Cassandra, Spark

= They require both large heaps and large 0S 1/0 cache DRAM
JVM heap I/0 cache
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JVM heap and 0S |I/0 cache compete for DRAM

= Modern JVM systems process large datasets from storage
= E.qg., Elasticsearch, Cassandra, Spark

» They require both large heaps and large 0S 1/0 cache ~ Flasticsearch -Wikipedia workload

= Larger JVM heap reduces GC frequency

Larger

I/0 cach
= Larger|/0 cache reduces /0 stalls e

#GC 6,199

= Partitioning available DRAM affects performance | g traffic (GB)
significantly
Ingest (DPS)
= Challenge Search (QPS)

= How much DRAM to provide for each use?
= How to adjust dynamically during different application phases?
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Existing heap resizing mechanisms is oblivious to I/0

= Either reduce GC cost to improve application —— Heap Committed —— 1/0 Cache
performance [G1 Ergonomics, ZCPU-MPLR 23] — Used Heap at GC End —— Average |Owait
= Priority is heap growth in mixed GC and I/0 phases _ 67
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Existing heap resizing mechanisms is oblivious to I/0

= Either reduce GC cost to improve application —— Heap Committed —— 1/0 Cache
performance [G1 Ergonomics, ZCPU-MPLR 23] Used Heap at GC End —— Average IOwait
= Priority is heap growth in mixed GC and |/0 phases 61 |
= |
O, S
= (Orreduce server memory usage to allow more > &
applications to run[VG1-ISMM 18, ElasticMem-ATC17] S 5. 0&0 N
: . N
= Release little memory in mixed GC and I/0 phases = e;\&“
’-5 0 T \z’bg T T
= No existing mechanism considers |/0 cost < 4 j\w
= 50 1 L ' l 26h "
= ) BT ey i
o
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Heap size adjustment with CPU control [MPLR 23] Time (s)

1
2. Dynamic vertical memory scalability for OpendDK cloud applications [ISMM 18]
3 Elastic memory management for cloud data analytics [ATC 17]
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Today: Limit the heap size for more I/0 cache

= When |/0 cost is high, main approach is to statically allocate I/0 cache
= (Cap the heap to a maximum size — Rest of memory used by |/0 cache
= Elasticsearch and Cassandra recommend a 50/50 static heap-1/0 cache split

= However, static DRAM partitioning
= |snot straightforward to find a proper split
= Cannot adapt to dynamic application behavior
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FlexHeap

Consider both GC and I/0 cost G1GC
Young/Mixed GC Full GC

Concurrent GC
(remark)

Dynamically resize the heap

= Rest of memory used by |/0 cache
Heap resizing based on GC cost and I/0 stalls

= Designed for G1 Grow FlexHeap Shrink
= Default OpendDK collector et s Shrinking step
= State-of-the-art garbage collector
Grov‘\'/ heap Shrin& heap
= FlexHeap adds two main decisions to G1 (take memory from 0S) (release memory to 0S)

= Grow or shrink the heap?

= By what amount? Resize eden space
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Outline

» FlexHeap design
= Deciding to grow or shrink the heap
= Estimating the impact of GC and /0 stalls
= Deciding the resizing step
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Deciding to grow or shrink the heap
= What is the impact of GC and |/0 on application performance?

= FlexHeap tracks lost potential for compute by mutators
= DuetoGCorl/0,in CPU cycles
= Lost potential (cycles)=GC cost +1/0 stalls

= Divide executioninintervals, based on GC phases(young GC etc.)
= Track history of GC and I/0
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Deciding to grow or shrink the heap
= What is the impact of GC and |/0 on application performance?

Cost reduced

= FlexHeap tracks lost potential for compute by mutators / growHeap
= DuetoGCorl/0,in CPU cycles State
= Lost potential (cycles)=GC cost +1/0 stalls Wait Grow

Divide execution in intervals, based on GC phases(young GC etc.)
= Track history of GC and I/0

At the end of each interval, decide how to resize the heap

= Wait for resize operation to take effect State
Reduce total: If total decreases — repeat the same action Wait Shrink

Cost reduced

/ shrinkHeap
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Deciding to grow or shrink the heap
What is the impact of GC and I/0 on application performance?

. Cost reduced GC dominates

= FlexHeap tracks lost potential for compute by mutators / growHeap / growHeap

= DuetoGCorl/0,in CPU cycles State

= Lost potential (cycles)=GC cost +1/0 stalls Wait Grow

A

= Divide execution inintervals, based on GC phases (young GC etc.) Fr—

= Track history of GC and I/0 sshrinkbeap

GC dominates
/ growHeap

= At the end of each interval, decide how to resize the heap

y

State
Wait Shrink

= Wait for resize operation to take effect

Reduce total: If total decreases — repeat the same action

Reduce dominant: If total increases — identify dominant cost EEIC L
/ shrinkHeap

10 dominates
/ shrinkHeap

= Dominant = based on difference, not absolute value
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Estimate lost potential due to GC

= GC can be stop-the-world (STW) or concurrent to mutator threads (CGC)
= GC cost=STW GC cost + CGC cost

= FlexHeap model converts both into lost compute cycles for mutators

Mutator STWGC CGC
Thread Thread Thread
_ —————pr === >

>
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Estimate lost potential due to GC

= GC can be stop-the-world (STW) or concurrent to mutator threads (CGC)
= GC cost=STW GC cost + CGC cost

= FlexHeap model converts both into lost compute cycles for mutators

Mutator STW GC CGC
= Stop-the-world GC cost Thread _Thread — Thread
= | ost potential for mutator work during pause » .
= Pause time x min(active mutators, CPU cores) i =
—————- >
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Estimate lost potential due to GC

GC can be stop-the-world (STW) or concurrent to mutator threads (CGC)
= GC cost=STW GC cost + CGC cost

FlexHeap model converts both into lost compute cycles for mutators

Mutator STW GC CGC
- . _ Thread Thread Thread
Stop-the-world GC cost o Lo s
= Lost potential for mutator work during pause » §
= Pause time x min(active mutators, CPU cores) i >
—————- R >
> |
= Concurrent GC cost —————- 2 i >
P> i
= Lost potential if CGC runs and mutatorswait __________ ©-77°77°*™
) ) o Mutators | STW GC . Mutators
= Count: if CGC runs while mutators are waiting execution | ' execution

= |gnore: if enough idle cores exist for both
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Estimate lost potential due to 1/0

= |/0is different from GC cost
= GC consumes CPU cores that mutators could use
= |/0 blocks mutators waiting for storage even when CPUs are busy — affects latency

Mutator Thread
_—>
o -
— B: 1/0 stall >
_C
D
— D: 1/0 stall >
_E .
Mutators execution
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Estimate lost potential due to 1/0
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Estimate lost potential due to 1/0

= |/0is different from GC cost
= GC consumes CPU cores that mutators could use
= |/0 blocks mutators waiting for storage even when CPUs are busy — affects latency

Mutator Thread
— >

R 1 /0 stall S -
= >
_ C:1/0stall ;g
>
>

D: 1/0 stall
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Estimate lost potential due to 1/0

= |/0is different from GC cost
= GC consumes CPU cores that mutators could use
= |/0 blocks mutators waiting for storage even when CPUs are busy

= |/O cost =sum of stalled mutators CPU time [

Mutator Thread
— >

= No kernel interface exposes per mutator |/0 stall

= jowait is process-level, not thread level

» Kernel does not distinguish I/0 stall time from  F8F£g Foro vy o= 0 5 2 80 00
scheduler delay

= FlexHeap approximates per-mutator |/0 stall time
= Uses eBPF on ‘'sched_switch’ Mutators execution

= Tracks mutator time blocked in D-state
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Estimate the resizing step
= Shrinking the heap without hurting G1 pause time goal

= (1estimates the eden target size required to satisfy the paue-time goal

= FlexHeap ensures that the shrink step will leave enough space for the required eden
= Shrinkable budget = free heap size - eden target size

DRAM budget

Committed heap memory
(backed by DRAM)

Used i Fden Free Uncommitted memory

(not backed by DRAM)
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Estimate the resizing step
= Shrinking the heap without hurting G1 pause time goal

= (1estimates the eden target size required to satisfy the paue-time goal

= FlexHeap ensures that the shrink step will leave enough space for the required eden
= Shrinkable budget = free heap size - eden target size

DRAM budget

Committed heap memory

(backed by DRAM) .
T : : Uncommitted memory
Used i Eden Shrinkable bui (not backed by DRAM)

= FlexHeap uses a sigmoid function to choose how much of that budget to release
= Proportional step to estimated cost change, except for extremes
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Outline

= Evaluation
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Methodology

We implement FlexHeap in OpendJDK 21

We identify workloads that exhibit continuously changing heap +1/0 behavior
= Spark running Spark-SQL (TPC-DS workloads)
= Elasticsearch running ESRally

We use two main baselines
= G1: Resize the heap to reduce GC cost (latest resizing mechanism from OpenJDK 26)
= VG1: Resize the heap to reduce server memory use

Server with 2 TB NVMe SSD, 256 GB DRAM, and 32 cores
= Limit DRAM capacity with cgroup
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FlexHeap improves Elasticsearch throughput

[ G1-50 3 VGl [ FlexHeap

0]
L

2.0 1 M M = - 1.2 1 vt o -
= 5 2.0 m 5
a S 3 2ot ol H
5 1.5 o = =
9 3 215 S 0.8 m
o = o e
= = F 1.0 = 067 I
Eos £, J E ( E 04
o U201 ) S 0.5 1 o
4 = ’_I_I_l H—ﬂ =z =Z 0.2 1

0.0 0 ’_Iﬂ . T T T T 0-0 T T T T

Ingest Search lngest Search Ingest Search Ingest Search Ingest Search|Ingest Search Ingest Search|Ingest Search
8 GB 12 GB 25 GB 50 GB 4 GB 6 GB 4 GB 7 GB
(a) Wikipedia (b) Cohere Vector (c) Dense Vector (d) OpenAlI Vector

= FlexHeap improves ingestion throughput

= pbetween 5-20% compared to G1-50 and by up to 30% compared to VGI
= FlexHeap improves search throughput

= by upto7x compacted to G1-50 and by up to bx compared to VGI
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FlexHeap improves Elasticsearch latency

[ G1-50 3 VGl [ FlexHeap
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= Foringestion tasks, FlexHeap improves p99
= byupto10% compared to G1-50 and by up to 30% compared to VGI

= Forsearch tasks, FlexHeap improves p99
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(b) Search

= by upto25% compared to G1-50 and by up to 2x compared to VG1
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FlexHeap adapts to application behavior
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FlexHeap improves Spark-SQL performance
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43.7% and 27.2% of queries have execution time reduction >=10% compared to G1
= 30% and 26% of queries have execution time reduction >=10% compared to VGI
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Key Takeaway

JVM-based search and analytics systems need memory for both heap and I/0 purposes

Partitioning memory to reduce both GC and I/0 cost is a challenging problem
= Existing heap resizing mechanisms do not consider I/0 cost

FlexHeap partitions DRAM by estimating the lost potential from GC and I/0
= Uses GC cost and I/0 stalls to estimate lost potential

Takes two decisions dynamically at GC-phase boundaries (e.g. young GC)
1. Grow or shrink the heap?
2. By how much?

= FlexHeap improves throughput by up to 33% and 50% compared to G1and VGT

PLDI 2026 16




FlexHeap: Dynamic I/0-Aware Heap Resizing for
Managed Applications

www.github.com/CARV-ICS-FORTH/flexheap

® K i) @jackkolokasis | www.jackkolokasis.com
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