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Computational Storage

Let’s start with the devices...




Computational Storage?

Erik Riedel’s

Ph.D. Dissertation 1999: ":5- O | m——
= o=  1793-094-9803

&0NY TEEAD MHCHICIERY MLTEUNMESSK

Active Disks —
Remote Execution for

Network-Attached Storage

Why didn’t 1t take off?
How we can put it to work.
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Computational Storage... through the years

Late 90s-Early 2000s

Initial Concepts &
Research Initiatives

Carnegie
Mellon
University

® 24
4 | ©2024 SNIA. All Rights Reserved. gl s D C



Computational Storage... through the years

Late 90s-Early 2000s Mid-2000s

Initial Concepts &
Research Initiatives

Challenges:

Carnegie A(‘ZICTO n
Mellon

University Hybrid Memory Cube
T=== SAMSUNG

A\ §

Expensive to manufacture,
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Processing-In-Memory

minimal commercial interest.
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Computational Storage... through the years

Late 90s-Early 2000s Mid-2000s 2010-2015
l | |
| | |
Initial Concepts & Processing-In-Memory FPGA-Based
Research Initiatives
Carnegie Acron < ScaleFlux
Mellon =
University Hybrid Memory Cube
SAMSUNG

Ei_;::%:z \ SAMSUNG \ & Smart SSD
| GdNGP

systems
High cost

Expensive to manufacture, Complex programming
minimal commercial interest.

Challenges:

Computer in a drive?
Internally Compressed device?
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Computational Storage... through the years

Late 90s-Early 2000s Mid-2000s 2010-2015 2016-2020
| | | | | =
Initial Concepts & Processing-In-Memory FPGA-Based NVMe-based CSD
Research Initiatives
Carnegie A(‘ZICTOIT @ ScaleFlux >
Mellon =
University Hybrid Memory Cube
T==s SAMSUNG SAMSUNG >
E=EE \ \ \ Smart SSD
N\ N
GBINER |
t
systems \ \
High cost Easier device integration
. Expensive to manufacture, Complex programming Lack of software support
Cha"enges‘ minimal commercial interest.
Computer in a drive? Survivors customized

Internally Compressed device? solutions for large clients
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Computational Storage... through the years

Late 90s-Early 2000s Mid-2000s 2010-2015 2016-2020 2021-Present
| | | | | =

Initial Concepts & Processing-In-Memory FPGA-Based NVMe-based CSD Software-Defined
Research Initiatives

Carnegie A(‘ZICI'OIT @ ScaleFlux >

%ellon by i . =

niversi Hybrid Memory Cube
SAMSUNG . KlOX'A

\ SAMSUNG \ \\ Smart SSD
| GdNER

systems
High cost Easier device integration Re-focus on use cases

Expensive to manufacture, Complex programming Lack of software support
Cha"enges‘ minimal commercial interest.

v

Knows What You Need

-

Need to support software-
Computer in a drive? Survivors customized defined solutions on host
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Computational Storage... through the years

Late 90s-Early 2000s Mid-2000s 2010-2015 2016-2020 2021-Present
| | | | | =

Initial Concepts & Processing-In-Memory FPGA-Based NVMe-based CSD Software-Defined
Research Initiatives

Carnegie A(‘ZICI'OW @ ScaleFlux >

%ellon by i ) =

niversi Hybrid Memory Cube
SAMSUNG KlOX'A

v

\ SAMSUNG \ \\ Smart SSD
| GdNER

v

SyStemS \ Knows What You Need
N
High cost Easier device integration Re-focus on use cases
Expensive to manufacture, Complex programming Lack of software support

Need to support software-
Computer in a drive? Survivors customized defined solutions on host

Challenges: minimal commercial interest.
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Host-level Approach

Applications, with limitations
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How storage protects data

RAID 5

striping with parity across drives

-

dd

Darity b4

drive 1

Data striped across
multiple disks as data
disks and parity disks

Data Data Data Data Data EMCOdiNG pagty  paity  Parity

Designed way back... Then:
(logic was expensive, interconnect was relatively cheap
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Data reliably placed in storage: First 4 devices shown...

1 155190 7706 1 17 2116823 0.04 0.02 N 0 3/13/96  2/12/96  3/22/96 DELIVER_IN_PERSON TRUCK  egular_courts_above_the
1 67310 7311 2 36 45983.16 0.09 0.06 N 0 4/12/96  2/28/96  4/20/96 TAKE_BACK_RETURN MAIL ly_final_dependencies:_slyly_bold_
) 1 63700 3701 3 8 13309.6 0.1 0.02N o} 1/29/96 3/5/96  1/31/96 TAKE_BACK_RETURN REG_AIR riously._regular|_express_dep
S IMm ple Ta ble 1 2132 4633 4 28 28955.64 0.09 0.06 N o] 4/21/96  3/30/96  5/16/96 NONE AR lites._fluffily_even_de
1 24027 1534 5 24 2282448 0.1 004N 0 3/30/96  3/14/96  4/1/96 NONE FOB _pending_foxes._slyly_re
1 15635 638 6 32 49620.16 0.07 0.02 N 0 1/30/96 2/7/96 2/3/96 DELIVER_IN_PERSON MAIL arefully_slyly_ex
2 106170 1191 1 38 44694.46 0 005N 0 1/28/97  1/14/97 2/2/97 TAKE_BACK_RETURN RAIL ven_requests._deposits_breach_a

71

Bytes of data divided evenly across SSDs!

@ (@/\\ Data protection and streaming performance!

Supports data protection algorithms designed for HDD!
i |
KIOXJA Talk this afternoon! ’S D @
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Data reliably placed in storage: First 4 devices shown...

1 155190 7706 1 17 2116823 0.04 0.2 N 0 3/13/96  2/12/96  3/22/96 DELIVER_IN_PERSON TRUCK egular_courts_above_the
1 67310 7311 2 36 45983.16 0.09 0.06 N 0 4/12/96  2/28/96  4/20/96 TAKE_BACK RETURN MAIL Iy final_dependencies: slyly bold_
i 1 63700 3701 3 8 133096 0.1 002N o} 1/29/96  3/5/96  1/31/96 TAKE BACK RETURN REG_AIR riously._regular| express_dep
S Im ple Ta ble 1 2132 4633 4 28 28955.64 0.09 0.06 N o] 4/21/96  3/30/96  5/16/96 NON AR lites._fluffily_even_de
1 24027 1534 5 24 22824.48 0 3/30/96  3/14/96  4/i/96 N FOB _pending_foxes._slyly re
1 15635 638 6 32 49620, 0 1/30/96  2/7/96 ~ 2/3/96 BELIVER_IN_PERSON MAIL arefully_slyly_ex
2 106170 1191 1 38 o} 1/28/97  1/14/97  2/2/97 TAKE_BACK_RETURN RAIL ven_requests._deposits_breach_a

1,155190,7706,1,17,21168.23,0°04,0.02,N,0,1996-83-13
SSD ,1996-02-12,1996-03-22,DELTVER_IN_PERSON, TRUCK) edula
r_courts_above_the, 7310,7311,2,36,45983.16,0.
ol € ) 0.06,N,0,1996-04-1271996-02-28,1996-04-20, TAKE_BACK
03-05,1996-01-31, TAKE_BACK_RETURN,REG_AIR, ri
pr— # egular|_express_dep, 1,2132,4633,4,28,28955.64,0.
o o z - . e . A . )
0.06,N,0,1996-04-21,1996-03-30,1996-05-16,NONE, AIR, 1
SSD ites._fluffily_even_de, 1,24027,1534,5,24,22824.48,0
.10,0.04,N,0,1996-03-30,1996-03-14,1996-04-01,NONE, F
(o) [ 0B, _pending_foxes._slyly_re, 1,15635,638,6,32,49620.

Bytes of data divided evenly across SSDs!

@ (@/\] Data protection and streaming performance!

16,0.07,0.02,N,0,1996-01-30,1996-02-07,1996-02-03,D
LIVER_IN_PERSON,MAIL,arefully_slyly_ex, 2,106170,11
1,1,38,44694.46,0.00,0.05,N,0,1997-01-28,1997-01-14
1997-02-02, TAKE_BACK_RETURN,RAIL,ven_requests._depo

HDD-centric RAID/Erasure Coding prevent in-storage analytics

13 | ©2024 SNIA. All Rights Reserved.
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s Big Data just doomed to be SLOW?
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Systems-level Approach
Fast & Efficient Distributed Analytical Processing

15 | ©2024 SNIA. All Rights Reserved.



Took Occam’s Razor to the Gordian’s Knot of in-place analytics
Computational Storage Service

16 | ©2024 SNIA. All Rights Reserved.



Divide (transparently) to conquer common analytical needs

U.S. Patent Jun.6,2023  Sheet 3 of 11 US 11,669,505 B2 U.S. Patent Jun.6,2023  Sheet 4 of 11 US 11,669,505 B2
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FIG. 3B

AirMettle internal metadata enables parallel in-storage analytics ™%

17 | ©2024 SNIA. All Rights Reserved.



Components are not fixed sized: fixed via smarter Erasure Coding

U.S. Patent Jun. 6,2023 Sheet 7 of 11 US 11,669,505 B2 U.S. Patent Jun. 6, 2023 Sheet 8 of 11 US 11,669,505 B2
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Accelerated analytics of classic tabular data (53 Select API)

Security Information & Event Management Natural Language Processing
INTERNET OF THINGS | EI'I'G . m
& jOT ol
SIEM
* Scan historical data to diagnose current events | ® Search for key-words
- Determine how many records might be relevant - Gather statistics of usage
before retrieving any - Extract text if required for further analysis

= 24
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Accelerated analytics of classic tabular data (53 Select API)

Security Information & Event Management Natural Language Processing
w INTERNET OF THINGS\ ~ E"Ill} . m
[0 [6 i 2 Al
SIEM
* Scan historical data to diagnose current events | ® Search for key-words
- Determine how many records might be relevant - Gather statistics of usage
before retrieving any v - Extract text if required for further analysis

400 AirMettle: Select 100x FASTER

7 --..--
e o® -..-....-n-.
5 . F .‘“" o*
““.""“- | { \ ..U ..U X f
. "“.- = I :; l:

300 L
aWS Under a minute vs. 1 hour 45min

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Validated with @WISCOI‘&LN Illil-

Star Schema Benchmark

Utilized 223 Select queries to Object Storage: 2o

o
o
o®
o
o
o
o
o®
o
o
K
o
o ¥
5
o
&
o
o'
o
o

100

Data Queried through Select (GB)

Time (sec)

) Unprecedented speed of analysis: Directly from storage
No data warehouse required - s D ‘24
20 | ©2024 SNIA. All Rights Reserved. e




AirMettle Accelerates §0Q

5x Acceleration on Complete Queries,

today... just by using a different storage

6.0

5.0

4.0

3.0

2.0

1.0

1.1

Wﬁleration

y -——

@

1.2

——CSV —e-GZIP

Query

1.3

Star Schema Benchmark, Scale Factor 1 with 1 object per table

21| ©2024 SNIA. All Rights Reserved.
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i3en.6xlarge (x8)

S3 Select API

enables comparison vs.
major cloud’s object storage
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AirMettle: SQL needed for ad-hoc analysis of large objects
well beyond “S3 Select”, and with superior APIs to access it: "Ki”iRow>>>

E.g., Security Information & Event Management

Collects sample measurements with certain flags and arguments and groups them by minute.
Returns the number of samples, average duration, and standard deviation of duration for each group.

SELECT

TO_STRING (event ts, 'yyyy-MM-dd HHZ24:mi') AS interval,

COUNT (*) AS event count,

AVG (CAST (event dur AS INT)) AS avg event duration,

STDDEV;SAMP(CAET(event_dur AS INT)) AS event duration stddev
FROM

events
WHERE

flgs LIKE 'C '

AND REGEXP CONTAINS (args, 'JY.')

AND event ts BETWEEN TO TIMESTAMP ('2000-01-01 00') AND TO TIMESTAMP ('2000-01-01 01"')
GROUP BY

interval;

e Data organization: GROUP BY Ad hoc
*  Aggregates within groups! Fully parallel
e Data characterization: STDDEV _SAMP In-place

. 24
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Device-level Processing?
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to This:

A

1793-094-98032

A0 HHCHCTERY MLTEQINMESSE
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Target Use Cases: For whom

APPLICATIONS Example Target Customers

}@_) Security Information & Event Management & | lto : e Bankof America.
SIEM “spaloalto:  Blumira ‘snywmeion =

Network Operations Management

iij Weather/climate BIOOmberg == CITADEL ® AccuWeather @
Semiconductor manufacturing @ intel S|{”ﬁynix KlOXlA

Real-time Analytics (Security, e-commerce) eb Bl A
Qg Massive Multi-player On-line Games (MMOG) y u Microsoft S ONY

Significant amount of Flash used in Public Cloud
“object / Blob” storage is Array-based data formats

%y Parquet
26 | ©2024 SNIA. All Rights Reserved. - S D @



Target Use Cases: Analytics = which we CAN address

APPLICATIONS Select

Multi-dimensional Select

}@_) Security Information & Event Management &

Network Operations Management

Ol Weather/climate v

Semiconductor manufacturing v

Real-time Analytics (Security, e-commerce) 4
g Massive Multi-player On-line Games (MMOG)

® 24
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Challenge: Array based data formats

%y Parquet netCDF4 /=55
ICEBERG{J

temperature pressure  elevation land_cover Indexes

align data
d ™)
latitude
longitude
/ time
i o,
9 J
& -4
Data variables Coordinates
used for computation describe data

« There many public data formats, which are complex & evolving

= 24
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Cram a modern processor & OS
Into a hard real-time embedded controller?

Branches

(prediction, memory management) Cg"}(p'?X tert[aln b Sge:jnlngly lexit
Are HARD (data formats) unbounded complexity

. 24
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Henry Youngman'’s classic

The Patient says, “Then don’t do that.”

“Doctor, 1t hurts when I do this.” ﬂ

=SDGC
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New Paradigm: CHECK & FETCH

User commands, NO administrative, NO Branches

End point
244,

%m 5y =5
ol e .

%-

—

= 7 s
4 }) mﬁ

elements 424 :

Data I I I 440

Length - ==
Starting LBA 1
442
I_Offs t 446 User data 448 User data 450 000
’ | \\
/’ l\ Flash page | l\ Flash page \\
’ 401 I 402 b

User data 452

@:ﬁ

Bitmap 426 428 [ 430 [ 432

“Inspection process”

31| ©2024 SNIA. All Rights Reserved.
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MASSIVELY Parallelizable: choice up to controller

. Blocks composed
| - of pages
\ \ Page 0 | \ Page 0 |
[ \ Page 1 | \ Page 1 \
\ Page 2 \ \ Page 2 |
\ Page 3 \ \ Page 3 |
\ Page 4 \ \ Page 4 |
| | Spare supports
. ECC, etc.
L Page N-1 | Page N-1 |
Flash Memory — User Data | Spare User Data | Spare
in Blocks e e e e e e e e o e e e e o e ]
First LBA — User Data-0 l CO nt ro I I e r

\
Elements: 1, 2, 4, 8, 16+ Byte!

CHECK bitfield: 1 bit / Element [I\\\\IIII\\\\\\\I\\\\IIIH\\\\\Hl“ll.'HHIIIIHHHHH\I\\HHHIIIIHHIHHHHI]

Bits —> Elements boundaries work in reverse for FETCH

20GB/s

How wide? 4KB feasible on controller.. 2KE = 5MHz

® 24
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SELECT

FROM

lo_custkey,
lo orderdate,
lo _partkey,
lo revenue,
lo:suppkey,
lo supplycost

s30bject

WHERE

AND

(lo_guantity BETWEEN 11 AND 20)
(lo_orderdate <= 20210116);

Retrieve required columns
~MB per column

%y Parquet

Process Data in CPU

Lo_ Lo_ . 1. . o Lo_ o_ Lo_ Lo_ L10_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

685
560
630
193
836
764
708
360

10
724
278
755
805
600

7
473
601
397
315
706
487
552

88
175
601
850
678
538

33 | ©2024 SNIA. All Rights Reserved.

5 68 341
5 979 510
7 72 515
5 235 70
5 717 358
4 999 909
5 292 557
5 727 886
9 702 766
5 710 323
4 728 624
8 556 92
6 33 342
6 12 424
1 617 552
2 213 972
6 139 663
4 695 415
1 422 658
6 638 711
1 669 968
2 624 275
3 489 861
5 77 44
3 540 84
1 980 434
4 218 810
3 664 94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/19/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

PN BANBAWANNHHANWRWNOONSOWNNSNN

2128.74
3482.81
6794.8
8804.42
5482.41
2898.73
39933
7132.33
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01

e
o \ ‘

<0.1% for many queries!

Lo_ Lo_ Lo_ Lo_ Lo_
REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

3418.1
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
3332.78
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

01
0.05
0.12
0.15
0.05
0.12
013
0.19
0.16
0.17

01
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
015

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AIR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AR
2/26/21 REG AIR
2/27/21 REG AR
2/28/21 AIR

SELECT
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SELECT

FROM

lo_custkey,
lo orderdate,
lo _partkey,
lo revenue,
lo:suppkey,
lo supplycost

s30bject

WHERE

AND

(lo_guantity BETWEEN 11 AND 20)
(lo_orderdate <= 20210116);

%y Parquet
SELECT

Retrieve required columns
~MB per column
Process Data in CPU

<0.1% for many queries!

Lo_ Lo_ . 1. . o Lo_ o_ Lo_ Lo_ L10_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

685
560
630
193
836
764
708
360

10
724
278
755
805
600

7
473
601
397
315
706
487
552

88
175
601
850
678
538
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5 68 341
5 979 510
7 72 515
5 235 70
5 717 358
4 999 909
5 292 557
5 727 886
9 702 766
5 710 323
4 728 624
8 556 92
6 33 342
6 12 424
1 617 552
2 213 972
6 139 663
4 695 415
1 422 658
6 638 711
1 669 968
2 624 275
3 489 861
5 77 44
3 540 84
1 980 434
4 218 810
3 664 94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/18/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

PN BANBAWANNHHANWRWNOONSOWNNSNN

2128.74
3482.81
6794.8
8804.42
5482.41
2898.73
39933
713233
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01

e
o \ ‘

Lo_ Lo_ Lo_ Lo_ Lo_
REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

3418.1
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
3332.78
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

01
0.05
0.12
0.15
0.05
0.12
013
0.19
0.16
0.17

01
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
0.15

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AR
2/26/21 REG AIR
2/27/21 REG AR
2/28/21 AR

Lo_
ORDERKEY
685
560
630
193

ith CHECK-FETCH

- Perform basic filtering in device
- Scratchpad can eliminate returning
intermediate results

Lo_ . . o o Lo_ Lo_ Lo_ Lo_ Lo_ Lo_
LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

5

WERWLNWNRORBEANHROO®AEVLLUVLELLNG

68

341
510
515

70
358
909
557
886
766
323
624

92
342
42
552
972
663
415
658
711
968
275
861

a4

84
434
810

94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/19/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

EFNBNBWANNRLRELEBNWHWNOONSOWNNBNN

212874
3482.81
6794.8
8804.42
5482.41
2898.73
399.33
713233
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04.
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01
0.02
0
01
0
0.02

Lo_ Lo_
REVENUE SUPPLYCOST

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

34181
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
333278
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

Lo_ Lo_ Lo_
TAX COMMITDATE SHIPMODE

01
0.05
0.12
0.15
0.05
012
013
0.19
0.16
017

0.1
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
0.15

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AIR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AIR
2/26/21 REG AR
2/27/21 REG AR

D LI



SELECT

FROM

lo_custkey,
lo orderdate,
lo _partkey,
lo revenue,
lo:suppkey,
lo supplycost

s30bject

WHERE

AND

(lo_guantity BETWEEN 11 AND 20)
(lo_orderdate <= 20210116);

%y Parquet
SELECT

Retrieve required columns
~MB per column
Process Data in CPU

<0.1% for many queries!

Lo_ Lo_ . 1. . o Lo_ o_ Lo_ Lo_ L10_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

685
560
630
193
836
764
708
360

10
724
278
755
805
600

7
473
601
397
315
706
487
552

88
175
601
850
678
538

35| ©2024 SNIA. All Rights Reserved.

5 68 341
5 979 510
7 72 515
5 235 70
5 717 358
4 999 909
5 292 557
5 727 886
9 702 766
5 710 323
4 728 624
8 556 92
6 33 342
6 12 424
1 617 552
2 213 972
6 139 663
4 695 415
1 422 658
6 638 711
1 669 968
2 624 275
3 489 861
5 77 44
3 540 84
1 980 434
4 218 810
3 664 94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/19/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

PN BANBAWANNHHANWRWNOONSOWNNSNN

2128.74
3482.81
6794.8
8804.42
5482.41
2898.73
39933
7132.33
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01
0.02

01

°

e
o \ ‘

Lo_ Lo_ Lo_ Lo_ Lo_
REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

3418.1
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
3332.78
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

01
0.05
0.12
0.15
0.05
0.12
013
0.19
0.16
0.17

01
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
015

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AIR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AR
2/26/21 REG AIR
2/27/21 REG AR
2/28/21 AIR

ith CHECK-FETCH

- Perform basic filtering in device

- Scratchpad can eliminate returning
intermediate results

Bitwise operators: combine results

o
NVMe
o G

Lo_ Lo_ . . o o Lo_ Lo_ Lo_ Lo_ Lo_ Lo_ Lo_ Lo_ Lo_ Lo_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

- 58 341 - 2 34 212874 1186144 DE f ff Eff ff f 3 féffff EEEE
560 5 979 510 942 1/2/21 2-HIGH 2 18 34&81 1&17 61 0.05 20748.27 3752.25 0.05 2/2/21 SHIP
Z 22 50 283 o302 S.LOW. 4 30 3 $000.41 2
I 193 5 235 70 587 1/4/21 5-LOW 2 13 8804.42 19985.63 0.08 26818.47 3488.45 0.15 2/4/21 RAIL
836 5 717 358 821 5/21 5-LOW 2 47 TAB2A1 7102.67 0.08 24896.14 6744.53 0.05 5/21 AIR
764 4 999 909 434 1/6/21 1-URGENT 3 33 2898.73 14455.99 0.09 1026.75 54146 0.12 2/6/21 AIR
708 5 292 557 220 1/7/21 1-URGENT o 35 399.33 12787.9 0 21844.68 5107.17 013 2/7/21 SHIP
360 5 727 886 820 1/8/21 3-MEDIUM 4 24 713233 16279.77 009 411413 9061.04 0.19 2/8/21 MAIL
10 9 702 766 740 1/9/21 1-URGENT 2 26 178.05 19526.89 0.04 11204.41 5769.13 0.16 2/9/21 AR
724 5 710 323 874 1/10/21 4-NOT SPECIFIED 0 47 3789.52 17806.89 0.09 46687.3 8355.19 0.17 2/10/21 AR
278 4 728 624 787 1/11/21 4-NOT SPECIFIED 0 44 5352.32 15314.78 0.07 11554.51 739295 0.1 2/11/21 SHIP
755 8 556 92 374 1/12/21 5-LOW 2 42 92289 13995.14 0.1 43058.54 866.29 0.04 2/12/21 AR
805 6 33 342 291 1/13/21 2-HIGH 3 47 986 6776.41 0.08 40341.78 784455 0.2 2/13/21 SHIP
500 I3 1 424 564 104021 SlowW 1 f 4l12283 204
71 1 617 552 671 1‘15‘21 4-NOT SPECIFIED 3 13 2307 1346.46 0.05 30679.89 9079.92 0.09 2/15/21 SHIP.
473 2 213 972 438 1/16/21 4-NOT SPECIFIED 2 10 3491.85 4913.84 0.04 6667.43 907.78 0.01 2/16/21 AIR
601 6 139 663 827 1/17/21 4-NOT SPECIFIED 4 19 6260.09 8702.4 0.04 36666.52 3664.18 0.19 2/17/21 MAIL
397 4 695 415 940 1/18/21 5-LOW 3 ] 2862.77 10487.73 0.03 32235.65 1447.46 0.19 2/18/21 TRUCK
315 1 422 658 824 1/19/21 3-MEDIUM 1 8 2176.52 15484.36 0.05 40784.99 5018.1 0.14 2/19/21 TRUCK
706 6 638 711 509 1/20/21 2-HIGH 2 4 1245.46 19178.94 0.07 24489.84 8290.21 0.07 2/20/21 SHIP
487 1 669 968 787 1/21/21 3-MEDIUM 2 49 5813.69 2434.68 0.03 45828.29 3332.78 0.05 2/21/21 MAIL
552 2 624 275 942 1/22/21 3-MEDIUM 4 13 6983.17 2229.38 005 34181 1933.88 0.05 2/22/21 TRUCK
88 3 489 861 856 1/23/21 2-HIGH 3 38 6752.38 11834.92 0.01 15351.54 3637.54 0.03 2/23/21 MAIL
175 5 7 44 450 1/24/21 4-NOT SPECIFIED 4 46 9493.72 14933.42 0.02 36037.58 823186 0.11 2/24/21 TRUCK
601 3 540 84 327 1/25/21 4-NOT SPECIFIED 2 49 126.76 16978.19 0 21487.35 1833.65 0.03 2/25/21 AIR
850 1 980 434 491 1/26/21 5-LOW 4 46 6507.25 18723.06 0.1 9474.62 2659.94 0.06 2/26/21 REG AIR
678 4 218 810 54 1/27/21 5-LOW 2 19 6043.88 19670.18 0 625333 115409 0.13 2/27/21 REG AIR
538 3 664 94 817 1/28/21 3-MEDIUM 1 8 5928.52 8056.05 0.02 41049.62 7204.25 0.15 2/28/21 AIR

- D LJ
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SELECT

FROM

lo_custkey,
lo orderdate,
lo _partkey,
lo revenue,
lo:suppkey,
lo supplycost

s30bject

WHERE

AND

(lo_guantity BETWEEN 11 AND 20)
(lo_orderdate <= 20210116);

Retrieve required columns
~MB per column

Process Data in CPU

<0.1% for many queries!

Lo_ Lo_ . 1. . o Lo_ o_ Lo_ Lo_ L10_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

685
560
630
193
836
764
708
360

10
724
278
755
805
600

7
473
601
397
315
706
487
552

88
175
601
850
678
538
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5 68 341
5 979 510
7 72 515
5 235 70
5 717 358
4 999 909
5 292 557
5 727 886
9 702 766
5 710 323
4 728 624
8 556 92
6 33 342
6 12 424
1 617 552
2 213 972
6 139 663
4 695 415
1 422 658
6 638 711
1 669 968
2 624 275
3 489 861
5 77 44
3 540 84
1 980 434
4 218 810
3 664 94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/19/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

PN BANBAWANNHHANWRWNOONSOWNNSNN

2128.74
3482.81
6794.8
8804.42
5482.41
2898.73
39933
7132.33
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01
0.02

01

°

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

3418.1
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

e
o \ ‘

Lo_ Lo_ Lo_ Lo_ Lo_
REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
3332.78
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

01
0.05
0.12
0.15
0.05
0.12
013
0.19
0.16
0.17

01
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
015

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AIR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AR
2/26/21 REG AIR
2/27/21 REG AR
2/28/21 AIR

%y Parquet
SELECT

o_ o_ Lo_ o_ o_ o_
CUSTKEY ORDERDATE PARTKEY REVENUE SUPPKEY SUPPLYCOST
375225
3488.45
9079.92

X

Lo_ Lo_ 0. 1. . o Lo_ o_ Lo_ Lo_ L0_ Lo_ Lo_ Lo_ L0_ Lo_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

979 1/2/21 510 2074827 942
235 1/4/21 70 2681847 587
617 1/15/21 552 30679.89 671

ith CHECK-FETCH

- Perform basic filtering in device

- Scratchpad can eliminate returning
intermediate results

- Bitwise operators: combine results

- Extract only desired data

68 34 340 24113 3 21287 1186144
I 560 979 510 942 1/2/212- 1 34828 13217, 0.05
F7 I SVETFRUF El 31T
193 235 70 587 1/4/215- 1 8804.4; 19985. 0.08
17 T5/2L 5 L Sa824 Toz X
764 4 999 909 434 1/6/21 1.URGENT 3 33 2898.73 14455.99 009
708 5 292 557 220 1/7/21 1.URGENT ) 35 39933 12787.9 )
360 S 727 88 820  1/8/21 3-MEDIUM 4 2% 7132.33 16279.77 009
10 9 702 766 740 1/9/21 1-URGENT 2 2% 178,05 19526.89 004
724 5 710 323 874  1/10/21 4-NOT SPECIFIED [) 47 3789.52 17806.89 009
278 4 728 624 787 1/11/21 4-NOT SPECIFIED [) 44 5352.32 15314.78 007
755 8 5% 92 374 1/12/21 5l0W 2 a2 92289 13995.14 01
805 6 33 342 291 1/13/21 2HIGH 3 a7 986 6776.41 008
¥ 2 2 41883
71 1617 550 671 1/15/21 4-NOT SPECIFIED 3 13 _3407 1346.46 005
a3 2 213 972 438 1/16/21 4-NOT SPECIFIED 2 10 3491.85 4913.84 004
601 6 139 663 827  1/17/21 4-NOT SPECIFIED 4 19 6260.09 87024 004
397 4 695 415 940  1/18/21 5-LOW 1 5 2862.77 10487.73 003
315 1 42 658 824 1/19/21 3-MEDIUM 1 8 2176.52 15484.36 005
706 6 638 711 509  1/20/21 2-HIGH 2 4 1245.46 19178.94 007
487 1 669 98 787  1/21/21 3-MEDIUM 2 49 5813.69 2434.68 003
552 2 624 275 942 1/22/21 3-MEDIUM 4 13 6983.17 222038 005
88 3 489 861 856  1/23/21 2HIGH 3 38 6752.38 11834.92 001
175 s m 44 450 1/24/21 4-NOT SPECIFIED 4 46 2483.72 14933.42 002
601 3 s 8 327 1/25/21 4-NOT SPECIFIED 2 49 12676 16978.19 0
850 1 e80 438 491 1/26/21 5-LOW 4 4 6507.25 18723.06 01
678 4 28 810 54 1/27/21 50w 2 19 6043.88 19670.18 )
538 3 664 94 817  1/28/21 3-MEDIUM 1 8 5928.52 8056.05 002

20748.27
26818.47

1026.75
21844.68
411413
11204.41
46687.3
11554.51
43058.54
40341.78

30679.89
6667.43
36666.52
32235.65
40784.99
24489.84
45828.29
3418.1
15351.54
36037.58
21487.35
9474.62
6253.33

41049.62

2/27/21 REG AR
2/28/21 AIR 2 4

2201 L1020

375225 0.05 /2/21 SHIP I
012 TETF3Y

348845 0.15 /4/21 RAIL

153 0. T
54146 0.12 2/6/21 AR
5107.17 0.3 2/7/21 SHIP
9061.04 0.19 2/8/21 MAIL
5769.13 0.16 2/9/21 AR
835519 0.17 2/10/21 AR
739295 0.1 2/11/21 SHIP
86629 0.04 2/12/21 AR
784455 0.2 2/13/21 SHIP
9079.92 0.09 2/15/21 SHIP
907.78 0.01 2/16/21 AR
3664.18 0.19 2/17/21 MAIL
1447.46 0.19 2/18/21 TRUCK
50181 0.4 2/19/21 TRUCK
829021 0.07 2/20/21 SHIP
333278 0.05 2/21/21 MAIL
193388 0.05 2/22/21 TRUCK
363754 0.03 2/23/21 MAIL
823186 0.11 2/24/21 TRUCK
183365 0.03 2/25/21 AIR
2659.94 0.06 2/26/21 REG AIR

1154.09
7204.25

013
0.15



SELECT

FROM

lo_custkey,
lo orderdate,
lo _partkey,
lo revenue,
lo:suppkey,
lo supplycost

s30bject

WHERE

AND

(lo_guantity BETWEEN 11 AND 20)
(lo_orderdate <= 20210116);

Retrieve required columns
~MB per column

Process Data in CPU

<0.1% for many queries!

Lo_ Lo_ . 1. . o Lo_ o_ Lo_ Lo_ L10_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

685
560
630
193
836
764
708
360

10
724
278
755
805
600

7
473
601
397
315
706
487
552

88
175
601
850
678
538
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5 68 341
5 979 510
7 72 515
5 235 70
5 717 358
4 999 909
5 292 557
5 727 886
9 702 766
5 710 323
4 728 624
8 556 92
6 33 342
6 12 424
1 617 552
2 213 972
6 139 663
4 695 415
1 422 658
6 638 711
1 669 968
2 624 275
3 489 861
5 77 44
3 540 84
1 980 434
4 218 810
3 664 94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/19/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

PN BANBAWANNHHANWRWNOONSOWNNSNN

2128.74
3482.81
6794.8
8804.42
5482.41
2898.73
39933
7132.33
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01
0.02

01

°

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

3418.1
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

e
o \ ‘

Lo_ Lo_ Lo_ Lo_ Lo_
REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
3332.78
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

01
0.05
0.12
0.15
0.05
0.12
013
0.19
0.16
0.17

01
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
015

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AIR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AR
2/26/21 REG AIR
2/27/21 REG AR
2/28/21 AIR

%y Parquet
SELECT

o_ o_ Lo_ o_ o_ o_
CUSTKEY ORDERDATE PARTKEY REVENUE SUPPKEY SUPPLYCOST
375225
3488.45
9079.92

X

Lo_ Lo_ 0. 1. . o Lo_ o_ Lo_ Lo_ L0_ Lo_ Lo_ Lo_ L0_ Lo_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

979 1/2/21 510 2074827 942
235 1/4/21 70 2681847 587
617 1/15/21 552 30679.89 671

ith CHECK-FETCH

- Perform basic filtering in device

- Scratchpad can eliminate returning
intermediate results

- Bitwise operators: combine results

- Extract only desired data

68 34 340 24113 3 21287 1186144
I 560 979 510 942 1/2/212- 1 34828 13217, 0.05
F7 I SVETFRUF El 31T
193 235 70 587 1/4/215- 1 8804.4; 19985. 0.08
17 T5/2L 5 L Sa824 Toz X
764 4 999 909 434 1/6/21 1.URGENT 3 33 2898.73 14455.99 009
708 5 292 557 220 1/7/21 1.URGENT ) 35 39933 12787.9 )
360 S 727 88 820  1/8/21 3-MEDIUM 4 2% 7132.33 16279.77 009
10 9 702 766 740 1/9/21 1-URGENT 2 2% 178,05 19526.89 004
724 5 710 323 874  1/10/21 4-NOT SPECIFIED [) 47 3789.52 17806.89 009
278 4 728 624 787 1/11/21 4-NOT SPECIFIED [) 44 5352.32 15314.78 007
755 8 5% 92 374 1/12/21 5l0W 2 a2 92289 13995.14 01
805 6 33 342 291 1/13/21 2HIGH 3 a7 986 6776.41 008
¥ 2 2 41883
71 1617 550 671 1/15/21 4-NOT SPECIFIED 3 13 _3407 1346.46 005
a3 2 213 972 438 1/16/21 4-NOT SPECIFIED 2 10 3491.85 4913.84 004
601 6 139 663 827  1/17/21 4-NOT SPECIFIED 4 19 6260.09 87024 004
397 4 695 415 940  1/18/21 5-LOW 1 5 2862.77 10487.73 003
315 1 42 658 824 1/19/21 3-MEDIUM 1 8 2176.52 15484.36 005
706 6 638 711 509  1/20/21 2-HIGH 2 4 1245.46 19178.94 007
487 1 669 98 787  1/21/21 3-MEDIUM 2 49 5813.69 2434.68 003
552 2 624 275 942 1/22/21 3-MEDIUM 4 13 6983.17 222038 005
88 3 489 861 856  1/23/21 2HIGH 3 38 6752.38 11834.92 001
175 s m 44 450 1/24/21 4-NOT SPECIFIED 4 46 2483.72 14933.42 002
601 3 s 8 327 1/25/21 4-NOT SPECIFIED 2 49 12676 16978.19 0
850 1 e80 438 491 1/26/21 5-LOW 4 4 6507.25 18723.06 01
678 4 28 810 54 1/27/21 50w 2 19 6043.88 19670.18 )
538 3 664 94 817  1/28/21 3-MEDIUM 1 8 5928.52 8056.05 002

20748.27
26818.47

1026.75
21844.68
411413
11204.41
46687.3
11554.51
43058.54
40341.78

30679.89
6667.43
36666.52
32235.65
40784.99
24489.84
45828.29
3418.1
15351.54
36037.58
21487.35
9474.62
6253.33

41049.62

2/27/21 REG AR
2/28/21 AIR 2 4

2201 L1020

375225 0.05 /2/21 SHIP I
012 TETF3Y

348845 0.15 /4/21 RAIL

153 0. T
54146 0.12 2/6/21 AR
5107.17 0.3 2/7/21 SHIP
9061.04 0.19 2/8/21 MAIL
5769.13 0.16 2/9/21 AR
835519 0.17 2/10/21 AR
739295 0.1 2/11/21 SHIP
86629 0.04 2/12/21 AR
784455 0.2 2/13/21 SHIP
9079.92 0.09 2/15/21 SHIP
907.78 0.01 2/16/21 AR
3664.18 0.19 2/17/21 MAIL
1447.46 0.19 2/18/21 TRUCK
50181 0.4 2/19/21 TRUCK
829021 0.07 2/20/21 SHIP
333278 0.05 2/21/21 MAIL
193388 0.05 2/22/21 TRUCK
363754 0.03 2/23/21 MAIL
823186 0.11 2/24/21 TRUCK
183365 0.03 2/25/21 AIR
2659.94 0.06 2/26/21 REG AIR

1154.09
7204.25

013
0.15



SELECT
lo_custkey,

FROM

AND

lo_orderdate,

lo _partkey,
lo_revenue,
lo_suppkey,

lo supplycost

s30bject
WHERE

(lo_guantity BETWEEN 11 AND 20)
(lo_orderdate <= 20210116);

%y Parquet
SELECT

Retrieve required columns
~MB per column
Process Data in CPU

<0.1% for many queries!

Lo_ Lo_ . 1. . o Lo_ o_ Lo_ Lo_ L10_ Lo_
ORDERKEY LINENUMBER CUSTKEY PARTKEY SUPPKEY ORDERDATE ORDERPRIORITY SHIPPRIORITY QUANTITY EXTENDEDPRICE ORDTOTALPRICE DISCOUNT

685
560
630
193
836
764
708
360

10
724
278
755
805
600

7
473
601
397
315
706
487
552

88
175
601
850
678
538
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68
979
72
235
717
999
292
727
702
710
728

341
510
515

70
358
909
557
886
766
323
624

92
342
424
552
972
663
415
658
711
968
275
861

44

84
434
810

94

349
942
283
587
821
434
220
820
740
874
787
374
291
564
671
438
827
940
824
509
787
942
856
450
327
491

54
817

1/1/21 3-MEDIUM
1/2/21 2-HIGH

1/3/21 5-LOW

1/4/21 5-LOW

1/5/21 5-LOW

1/6/21 1-URGENT
1/7/21 1-URGENT
1/8/21 3-MEDIUM
1/9/21 1-URGENT
1/10/21 4-NOT SPECIFIED
1/11/21 4-NOT SPECIFIED
1/12/21 5-LOW

1/13/21 2-HIGH

1/14/21 5-LOW

1/15/21 4-NOT SPECIFIED
1/16/21 4-NOT SPECIFIED
1/17/21 4-NOT SPECIFIED
1/18/21 5-LOW

1/19/21 3-MEDIUM
1/20/21 2-HIGH

1/21/21 3-MEDIUM
1/22/21 3-MEDIUM
1/23/21 2-HIGH

1/24/21 4-NOT SPECIFIED
1/25/21 4-NOT SPECIFIED
1/26/21 5-LOW

1/27/21 5-LOW

1/28/21 3-MEDIUM

PN BANBAWANNHHANWRWNOONSOWNNSNN

212874
3482.81
6794.8
8804.42
5482.41
2898.73
39933
7132.33
178.05
3789.52
5352.32
92289
986
4118.83
3407
3491.85
6260.09
2862.77
2176.52
1245.46
5813.69
6983.17
6752.38
9493.72
126.76
6507.25
6043.88
5928.52

11861.44
13217.61
8005.41
19985.63
7102.67
14455.99
12787.9
16279.77
19526.89
17806.89
15314.78
13995.14
6776.41
3038.94
1346.46
4913.84
8702.4
10487.73
15484.36
19178.94
2434.68
2229.38
11834.92
14933.42
16978.19
18723.06
19670.18
8056.05

0.04
0.05
0.03
0.08
0.08
0.09
0
0.09
0.04
0.09
0.07
01
0.08
0.04
0.05
0.04
0.04
0.03
0.05
0.07
0.03
0.05
0.01
0.02

01

°

e
o \ ‘

w_ Lo_
CUSTKEY ORDERDATE
979 1/2/21
235 1/4/21

617 1/15/21

Lo_ Lo_ Lo_ Lo_ Lo_
REVENUE SUPPLYCOST TAX COMMITDATE SHIPMODE

9968.63
20748.27
37516.42
26818.47
24896.14

1026.75
21844.68

411413
11204.41

46687.3
11554.51
43058.54
40341.78

8798.17
30679.89

6667.43
36666.52
32235.65
40784.99
24489.84
45828.29

3418.1
15351.54
36037.58
21487.35

9474.62

6253.33
41049.62

3995.22
3752.25
7694.96
3488.45
6744.53

5414.6
5107.17
9061.04
5769.13
8355.19
7392.95

866.29
7844.55
2560.27
9079.92

907.78
3664.18
1447.46

5018.1
8290.21
3332.78
1933.88
3637.54
8231.86
1833.65
2659.94
1154.09
7204.25

01
0.05
0.12
0.15
0.05
0.12
013
0.19
0.16
0.17

01
0.04

02
0.03
0.09
0.01
0.19
0.19
0.14
0.07
0.05
0.05
0.03
011
0.03
0.06
013
015

2/1/21 TRUCK
2/2/21 SHIP
2/3/21 RAIL
2/4/21 RAIL
2/5/21 AR
2/6/21 AR
2/7/21 SHIP
2/8/21 MAIL
2/9/21 AR
2/10/21 AR
2/11/21 SHIP
2/12/21 AIR
2/13/21 SHIP
2/14/21 REG AR
2/15/21 SHIP
2/16/21 AR
2/17/21 MAIL
2/18/21 TRUCK
2/19/21 TRUCK
2/20/21 SHIP
2/21/21 MAIL
2/22/21 TRUCK
2/23/21 MAIL
2/24/21 TRUCK
2/25/21 AR
2/26/21 REG AIR
2/27/21 REG AR
2/28/21 AIR

ith CHECK-FETCH

- Perform basic filtering in device
- Scratchpad can eliminate returning
intermediate results
- Bitwise operators: combine results
- Extract only desired data
99%+ reduction of data to host!

Lo_ o_ o_ o_
PARTKEY REVENUE SUPPKEY SUPPLYCOST
510 2074827 942 375225
70 2681847 587 3488.45
552 30679.89 671 9079.92

=SDC



AirMettle's methodology for enabling in-device analytical offloads

can be implemented in both the firmware and the hardware of our
commercial enterprise SSDs.

- Sebastien Jean, CTO

Knows What You Need
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Please take a moment to rate this session.

Your feedback is important to us.
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