Everything You Always Wanted

to Know about Storage Analysis
(But Were Afraid to Ask ;)

Erez Zadok
Stony Brook University

2026-02-25 Everything You Always Wanted to Know about Storage Analysis - Zadok Keynote - USENIX FAST 2026 1

W
Brook
ity



b
.

Storage 1S Comf[ex,
‘# Data is Evezywﬁere,

Life is Good,




Smaller, faster, more expensive

The Storage Hierarchy Pyramid

@

Economics and Physics
Dictate These
Relationships!

RAM

Flash

Bigger, slower, cheaper
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Hard Disk

Network
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Deep Storage Stack, Data Everywhere

User Level (e.g., FUSE) Benchmark

User

Kernel

File System “X”

/ \

Block Layer Network Layer

LVM? RAID?
Virtualization?

Caches at all layers

o O

Hardware
Different devices?
‘- How to isolate the impact of each component on performance?
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Storage Benchmarking is Time Consuming

Benchmarking reveals:

Typical Process Better (More Realistic) Process * Bugs (crash)
5. Be:g;)mark 1. Lit (F:;Jview — ° Pe rfo rm a N Ce
20% bottlenecks

Implementation flaws

5. Benchmark
40%

Design flaws

1
4. Test/Debug
10% .

3. Implement

2. Design
30%

2. Design
10%

Other:

* Hardening

3. Implement
10%

40% 4.Test/Debug .
20% * Regressions
* Code/Data Release
W
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| Storage Professional?




What Tools to Benchmark?

A. Micro-Benchmarks? (e.g., FIO, dd, many more)
I.  Useful to test specific features (e.g., added encryption)

Il.  Can evaluate worst-case behavior, isolate features/components
iii.  But, not representative of “real world” workloads

B. Macro-benchmarks? (e.g., Filebench, RocksDB/LevelDB, many more)

I Useful to evaluate more realistic workloads
Il.  But, still synthetically generated

C. Trace Replay? (e.g., SNIAIOTTA trace repository)
I Considered most realistic, based on actual system traces
Il.  But: traces can be stale, take long time to replay (e.g., clock-time, AFAP?)

@™ Answer: “D” - All of the above, but justify
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How Many Parameters to Vary?

Benchmark
Workloads
Workload/Cache size
No. of Systems

No. of Threads

Custom (hash, cipher, key sizes)
No. of runs per experiment
Total No. of Experiments

Total time to benchmark

Total time to benchmark

Total time to benchmark

Micro, Macro, Traces
Sequential, random, mixed
Small, medium/default, large
At least two CPUs

1,4,16
5(?)

5

If 1 min per experiment
If 2 min per experiment

If 15 min per experiment

™ These are conservative values!
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Presenting Data (1)

labels?
10750
10500 No numbers on to
10250 Wasted o P,
10000 whitespace, best error bars missing
9750 for legend
9500
. . . 92&
Y axis label missing 9000
8750
8500
8250
8000
7750
/ 7500
Y axis not at 0, 7250
e 7000
maghnifies 6750
differences, 6500
misleading? 6250
6000
\ 5750
5500
5250
5000
Benchmark A Benchmark B Benchmark C
= TheirSysA m MySD
|
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Typo, harder to

~

fix. Missing
units.

Too many O’s.

2026-02-25

Presenting Data (2)

14000 o0
Too many digits

« TheirSys A u MySysB of significance

12000
10278.98
10000
8498.64 8299.18
8000 7722.35 @
6000 5,625.65
4000
2000
@ Benchmark A Benchmark B Benchmark C
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Presenting Data (3)

14,000
= TheirSys A m MySysB
12,000
Scale too small
(bytes/sec) 10,279
40,000
o
@ 8,499 8,299
>
2
5
Q.
-,°=° Q00 5,626
=]
(=]
£
==
4,000
/ 2,000
Still, too many
0Os, hard to read 0
Benchmark A Benchmark B Benchmark C
W
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Presenting Data (4)

14 Do we really care about absolute numbers
= TheirSys A m MySysB or differences?
12
10.0

§ 8.3 8l1
@ 8 7.5
X
5
Q.
=
@ 5.5
o
£
=

| I

0

Benchmark A Benchmark B Benchmark C
W
2026-02-25 Everything You Always Wanted to Know about Storage Analysis - Zadok Keynote - USENIX FAST 2026 13

Stony Brook
University



The most eXciting brase to bear in ;
science, the one that beralds new
# discoveries, is not “Eurekal” but

“That's fum.t)/...” ‘

-Lsaac Asimoy




/

Presenting Data (5)

\

14

= TheirSys A m MySysB .
Note: confidence Z -
12 intervals overlap

-19%
10 Why C'’s direction
m +18% reversed from A+B?
o +37% :
4 8 { I
X
5
Q
L
w6
o
£
[
4
2
0
Benchmark A Benchmark B Benchmark C
W
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Presentation Scales

12,000 100,000
mTheirSys A m MySysB m TheirSys A m MySysB
10,000
5 10000 Log scale, easier to
_ Hard to see small values, o compare
§ 8,000 wasted whitespace 3 g 850
E; . 720
& 3} 1,000
3 ®
‘g‘_ 6,000 g
= -
% 5 100 s6
£ 4,000 ®
| g I
£
= 10
2,000
o - N 1
Benchmark A Benchmark B Benchmark C Benchmark A Benchmark B
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Directionality, Trends, Cross-Overs

[ Why the dip? B —e—SysC ‘ —e—SysA —e—SysB —e—SysC
6350 4[ Why Up then 0.35

down?!

300 0.3
’g 250 0.25
3 2
S 200 g 0.2
]

s £
2 )
% 150 £ 0.15
] ®
< 100 -
= 0.1

a

o
o
&

o

0
' 1 10 100 1,000 10,000

Workload Size (KB, Log_10)

100,000 1,000,000
1 10 100 1,000 10,000 100,000 1,000,000

Workload Size (KB, Log_10)

Why such slow growth? Why declining

throughput?

\
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Who Needs Bar Plots?

O 350 ' 0.35
300 0.30
ier?
= 250 0.25 Outlier~
@ m
[=3 [}
S 200 g 0.20
H 3
< c
% 150 S 0.15
=] s X
£ X 3 °
= 100 0.10
50 = | 0.05 ==

' 0 N C 0.00

[JsysA EsysB [sSysC [JsysA EsysB [SysC

Boxplots: four quartiles, mean
(X), median (lines)

I
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Choosing Colors

I - i Optimize for

©Osequential © diverging  qualitative

[ 1

Pick a color scheme: -

| e * No. of distinct colors
Hiﬁﬁii iii . * Color, B&W, Grayscale

iiiﬁ ii*E i ¥ * Printvs. display

o s —HHH Color blindness
* And more

N\

| L

[ [

Only show:

print friendly HEX B

photocopy safe
#e5f5f9
#99d8c9
#2ca25f

1¥04dx3

Context:

roads
cities
borders

-

Background:

© solid color
terrain

—_

color transparency

* https://colorbrewer2.org
* https://projects.susielu.com/viz-palette

© Cynthia Brewer, Mark Harrower and The Pennsylvania State University i m
O Source code and feedback @ axis OpS

Back to Flash version
Back to ColorBrewer 1.0
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|solating Component Impact

User Level (e.g., FUSE) Benchmark

Context switch &
data copy costs?

User

Kernel

Memory bound 2 —

test? 2| [FileSystem™X CPU bound test?
=
©
(%)
(]
S
S Block Layer Network Layer Ping, netcat,

tcpdump?

Hardware
Raw throughput:
/bin/dd, FIO?
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Finer-Grained Impact Isolation

* Suppose | want to find out bottlenecks inside my code?

* How to isolate the impact of specific functions deep inside your code:

= EBPF, tracepoints, blktrace, tcpdump, etc.

< Lots of useful info

% Concerns: overheads, interference, and lost events
= Do we really need to capture all events?

% Just calculate averages — not enough information

= How to capture more information with minimal overhead?

U

Stony Brook
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Collecting Histograms Efficiently

Wrap each function with code such as:

Start =TSC() // sample the Time Stamp Counter

Run function f()

End = TSC() [ Creates Log, buckets ]

Diff = End - Start

Bucket=0; while (Diff > 0) {Diff>>=1; Bucket++;} // calc bucket no.

Histogram[Bucket]++; // record counts per bucket

N o ok b=

// Offline: sample Histogram[] vector periodically or at end of experiment

‘- Negligible memory use, CPU overheads (c. 2006) ~4%, mainly TSC() [OSProf, OSDI 2006]

\
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Multi-Modal Behavior

Reads past EOF \ ‘ Cached memory \ Disk cache Disk Head delay

S 903r\ 28us / / 925us 29/ / 947ms

o0 B !

S 10000 f B D S——— SR READDIR-
e 1000 e """""""""""""""" e e =
= - 1 s s s | | -
g 1W00F o Ve e o A 1
L 10 F R e 1 RS e -
o I 8890909 O EE 0909000 S ]
© | | !

o) 10 15 20 25 30 ‘
O . i

% Bucket ( log, (latency in CPU cycles))

Z

Linux 2.6.11, Ext3 on HDD, grep —r on source tree
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Temporal Modality

Filebench 1.4.8 (modif.): Single Thread, Single File (256MB), Random Read (2KB), Ext2

SN
o

[(T)]
n

Z: number of reads (%)

Low latency only (1-4us)

<

=1 79
8 e
S s
| .

“— 4
s 40
| .
530
-g 20
S 10
c

X 0
N

27024021 0

180150120
90

60

1"‘!“
Low and high [TT]| High latency only (1-16ms)
latencies mixed | |||

T m 60-70
| - 50-60
B T 40-50
A m 30-40
u au m 20-30
m10-20
m0-10

) 24 26 28 30 32' [HotOS 2011]

30

Average?
Std.Dev.?
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Using Different File Systems

Filebench 1.4.8: Single Thread, Single File (410MB), Random Read (2KB)

O 12000 (600 sec:
450 sec: Ext2 — 4900 ops/sec
Ext2 — 940 ops/sec Ext3, XFS -2 X

—XFS
4000 \\\

/ (1J600$eC:
2000 E Z /

‘0 10000 | Ext3-8 %,XFS-6 %

o "

" J - o

E

o 38000

< —Ext2
o

3| 100 sec:

2| Ext2, Ext3, XFS — 150 ops/sec Ext3
1

o

P S

=

=

Ext2 — 9600 ops/sec
LExtS, XFS - within 2%

O e T T T T T T T rrrrr T T T rTrrrrrrTrrrrT T

0 100 200 300 400 500 600 700 800 900 1000 1100
Time (sec)
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Using Different File Systems

Filebench 1.4.8: Single Thread, Single File (410MB), Random Read (2KB)

O 12000 CPU/memory bound
’8‘10000 ===
N |
@ T'
o 8000 | I
o | —Ext2
5 g !
2 6000 2| Ext3
& 3
S x | —XFS
© 4000 e |
- |
= I/0 bound :
2000 -
|
' 60_O;ec_ _____ -
0 _

0 100 200 300 400 500 600 700 800 900 1000 1100

Time (sec)
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The Silent Treatment !

l # Shbb... Look around the room. How mary
fez[e with their beads down at their [aft S,
Je)/ou think, are now revising their ta ‘

slides and even remnning exfeﬁmem‘.f? ©
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Data is Everywhere!

Storage “research” is intra-disciplinary:

* Formal methods, runtime verification
= Finding bugs and performance anomalies, efficient tracing

* Cryptography and security

= Long term archival security

* Natural Language Processing
= Analyzing storage RFCs, finding ambiguities, translating to models/code

* Visual Analytics
= Analyzing massive multi-dimensional data

U

Stony Brook
University
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Quest for More Data

 Data is critical
* Lack of current, large data sets/traces

* SNIAIOTTA has many
 FSL Dedup data set

= Collected over six years

= 5TB compressed

= Mentioned or cited 250+ times in papers
= Subsets downloaded 36,000+ times

‘- Use Zenodo to create citable DOI for data released

U
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/adok’s Law (2026)

“Computer systems,
when scaled,

become a storage problem.”
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Shameless Plug for Journals

* Two of top-10 most downloaded ACM TOS papers were mine:
= O-year study of file system benchmarking [2008]
= FUSE performance and optimization [2019]

* No upper page limit
* Good for expanded conference versions

* Excellent for survey papers

= E.g., ACMTOS “Past, Present, and Future of Storage Systems”
< Special issue papers on DNA, Silica/Glass, Holographic, SSD, SMR, NVM, Lustre, Tape

‘.- Remember to look for and cite journal versions

U
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Storage Research is Hard, and...

“Kernel hacking is hard!

Really hard.

But once it works, man.

It’s better than sex.

U
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40k - -40k
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90th percentile == :
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Properties
— ——

Clear Grouping Correlation +
—— 8 — *
Split Up
- -
Variance +
N — — e
Neighborhood Variance -
- - U—
Fan Skewness +
- -—————
Outliers Skewness -

Granularity (Window Size)

o E|

Data Features

526%
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- o Select
dist . | R | | | | | i 0 e & @ [ ]
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§
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PC-Expo: A Metrics-Based Interactive Axes Reordering Method for Parallel Coordinate Displays (TVCG 22)
W
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File Selector | System (2)

4

(%) Target Configurator

Target variable: | avg_throughput/$

A

2 4

G ESA Configurator

6 8 10
Outcome Variable Intervals

12

Method: [ESA V|| search || Verify(s) |

Sensing size: 150 ﬁ

@ ESC Range Selector

| Real Data | | Empty Data | [ Neighbors(9) |+

EXISTING configurations:
Use global PCA

Size: 1000
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6~8 ]
10~12 )

PROPOSED configurations:
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10~12 ] (0)

@ Overview Quality Monitor
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Into the Void: Mapping the Unseen Gaps in High Dimensional Data (TVCG 25)
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