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Background: HTAP Database
2 workloads: OLTP (row-wise transactions) and OLAP (column-wise analytics).

 Problem: Row-store vs. column-store trade-off -- no format fits both

Insight: Exploit access divergence -- CPU interleaved & PIM contiguous access

— 1 data format serving 2 workloads: PIM-enabled unified storage for HTAP.
Challenges — Solutions:

1 Alignment of Heterogeneous
Data Types

2 PIM Parallelism

3 Fragmentation in Version
Control

Unified Data Format
(Compact Aligned Format + Block-circulant Placement)

Format-aware MVCC & Defragmentation

4 CPU-PIM Contention - Architecture support: Two-phase Execution
« Evaluation: Zsim+Ramulator2 simulation | 8-Channel DDR5 | 20GB CH Benchmark
* Results: 3.4x peak OLTP throughput | 4.4x OLAP throughput under peak OLTP (vs.
Ml baseline)
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Hybrid transaction/analytical processing (HTAP) database, 2 processing sets:

Online transaction processing (OLTP): Online analytical processing (OLAP):

R: Row C:Column

Database = CO C1 C2 C3
RO 00 01 02 03
R1 10 11 12 13
R2 20 21 22 23
R3 30 31 32 33

\ /




&) HTAP: The Convergence of Conflicting Workloads .

Hybrid transaction/analytical processing (HTAP) database, 2 processing sets:

Online transaction processing (OLTP): Online analytical processing (OLAP):
Access Pattern: OLTP Engine
Row-wise, random R Row C:olumn ow
! g 2
Bottleneck: —— ————— 3&
Computation-intensive | | 22e2e !

[RO 00 01 02 03
RT 10 11 12 13
R2 20 21 22 23
R3 3 31 32 33

\ /

Ideal Format:
Row-store




Hybrid transaction/analytical processing (HTAP) database, 2 processing sets:

Access Pattern:
Row-wise, random
Bottleneck:
Computation-intensive

Ideal Format:
Row-store

Online transaction processing (OLTP):

Online analytical processing (OLAP):

OLTP Engine
R: Row C:Column R
R | —
Database | CO | C1 || C2 C3
[RO | oo [ 01 02 03
R1 10 11 12 13
R2 20 21 22 23
R3 30 31 32 33

— Column

B

OLAP‘vI'Engine

Access Pattern:
Column-wise, sequential
Bottleneck:
Memory-intensive

Ideal Format;
Column-store




&) HTAP: The Convergence of Conflicting Workloads . .

Online transaction processing (OLTP): Online analytical processing (OLAP):
Format
Conflict

Ideal Format: Ideal Format:

Row-store Column-store



Three goals of an ideal HTAP:sicmop'17]

&) The "Impossible Trinity” of HTAP Design Goals

{ Workload-specific optimizations (W): }

Optimized performance for both workloads

" Performance isolation (/): °
Zero performance
N interference Y

7

Data freshness (F):

~

OLAP need up-to-date data
- J




Three goals of an ideal HTAP:sicmop'17]

&) The "Impossible Trinity” of HTAP Design Goals

{ Workload-specific optimizations (W): }

Optimized performance for both workloads

/

Format Conflict

/ )

N AN

/

\_

Current solutions sacrifice one or more goals to achieve the others

Zero performance
interference

ata freshness (F):
OLAP need up-to-date data

J




&) Current solution 1 - Multi-instance, Multi-format .

~

4 N

Data Format:
A row-store instance +
a column-store instance

OLTP OLAP

J J

Row-store Column-Store

Instance Instance
| |
| | [
| |

Rebuild
v

Can only periodically rebuild

due to large overhead

o _

\_

4 Goals:
Workload-specific
Optimization (FEfficie?)t
(ngh) orma
(Two (Periodically
Instances) rebuild)
Performance Data
|solation Freshness
(High) (Low)

/




Data Format:
Primary column-store +
row-store A

OLTP Partially  OLAP
] Inefficient J

~

Format
S e ——
| T |
Row-Store A Column-Store
| | LS,
| ()

|| =
|

Require periodically merge

&) Current solution 2 - Single-instance, Mixed-formgj;r.__\\__\,__\__f__._% .

Goals:
Worquaq-specific (Partially
Optimization  |nefficient
(Medium) Format)
(Periodically (Single
Merge) Instance)
Performance Data
|solation Freshness
(Medium) (High)

\_

~

/




Performance Data Workload-Specific
Format

Isolation Freshness Optimization
Multi-instance H L O H
Mixed-format M @ H M@

Summary: Data format conflicts prevent CPU-only
systems from simultaneously achieving all three goals




&) Summary: Limitations of Current HTAP Solutions
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Ideal PUSHtap? H H H

Resolve the data format conflict?



Conventional Von Neumann

Architecture

CPU Memory
Bus

DRAM Memory

Bank

Bank

Bank

Through memory bus

-- suffer from limited bandwidth

Processing-in-memory (PIM):
Integrate Computing Units in banks/devices

DRAM Memory

Bank PIM
Bank PIM
Bank PIM

Parallel access of thousands of PIM -
-- provide massive bandwidth

Fit for memory-intensive OLAP




Access Divergence in CPU-PIM System

CPU PIM

CPU

OOUO00 0000 0000 ODO0O00
DRAM Bank
Device0O Device1 Device2 Device3

i i i i
PIMO_|[ PIM1 ][ PIM2 ][ PIM3




&) Access Divergence in CPU-PIM System

CPU PIM

CPU

Interleaved Access
for high bandwidth

PIMO || PIM1 || PIM2 || PIM3

- Across devices

(ADE) Access




&)) Access Divergence in CPU-PIM System

CPU PIM
CPU
Sy W Contiguous access
Interleaved Access Device0| Device1 Device2 Device3 because PIM only
for high bandwidth ADE visible to local device

IDE "7 , ¢ 4

‘ PIMO || PIM1 || PIM2 || PIM3

—> Across devices > Inside device

(ADE) Access (IDE) Access




CPU

- Across device

(ADE) Access

2D Access

PIM

- Inside device

(IDE) Access
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@) Key Insight: Format Conflict vs. Access Divergence .

|
OLTP Row-wise - Across Device (ADE) CPU

HTAP oiap Column-wise > Inside Device (IDE) piv PIM
OLTP Engine > CPU
R: Row C:Column i i
— — U U0 UU0f U000 D000
— —— DRAM Bank
Database | CO C1 || C2 C3 DeviceQf Devic{}1 Device2 Device3
RO Row ADE
RT | Col- IDE
R2 |umn
R3
T — i 0 g i
OLAP Engine »| PIMO || PIM1 PIM2 || PIM3
Format Conflicts 2D Access




&) The PUSHtap Vision: Hardware-Software Co-alignment

Objective: Single Instance, Unified Format
-- Satisfies both row & column operations, simultaneously achieve 3 goals

- Workload-specific Optimization: Unified format -> both row & column access
- Performance Isolation: No consistency (merge/rebuild) overhead
- Data Freshness: Processed on the same instance




@) The PUSHtap Vision: Hardware-Software Co-alignment
N

e

Objective: Single Instance, Unified Format
-- Satisfies both row & column operations, simultaneously achieve 3 goals

- Workload-specific Optimization:

Unified format -> both row & column access

- Performance Isolation: No consistency (merge/rebuild) overhead
- Data Freshness: Processed on the same instance

/Core Approach: Unified Data Format

Logical Rows: Aligned to ADE

Logical Columns: Aligned to IDE

.

CPU OLTP Engine

IR
DRAM Bank

DeviceO Pevicd]1 Device2 Device3

goog ool

ADE: Logical Row-view

IDE:
Logical
Column-

view | I I

PIM OLAP Engines




&) Challenge 1: Data Format Challenge (1) P

Our goal requires to align data in the IDE & ADE direction
Format challenge:

Software: Hardware:
Diverse column widths Fixed interleaving granularity
2~9 Byters/ /Typically 4 Bytes
. . . . 1IN gooddg toog tiiohdd
d did w.id ZIp Vs. DRAM Bahk

2B 2B 4B 9B [Devjce0| Device1 Device2 Device3

i i i i
PIMO ][ PIM1 ][ PIM2 ][ PIM3

An Example of Table A DRAM Rank




One Naive Solution: padding Os

IDE_ADE |

Row O

Row 1 —]

Device
0 1 2 3
~T id d id w_id]
2B I 2B || g |
Zip
0 0 0 9B
7B /B 58
> d d id
A .
= w_id]
< < 4B .
Zip
0 0 0 98
/B /B 58

Aligned on both dimensions

Too many 0Os (51.2%) X

How to reduce the 0s?




Row Categorization:
- Key columns: Frequently scanned by OLAP - Should be on the same device

- Normal columns: Never scanned by OLAP - Can be split to multiple devices

Key Column: id Normal Column: Credit
g Device0 Device1) g _ DeviceD  Device1)
Case 1: id[o] Case 1. _ credito]
Same device id[1] Same device oty
Visible to M CPU can @ CPU
complete data PIMO access v
g aﬁ[e 2 id[0] id[1] Case 2: credit[0] credit[1]
- Split | |
Only visible to X X CPU can AL Wb
partial data PIM PIM1 access CPU

- J - J




Compact Aligned Format:

Devices
0 1 2 3
To!
2B || w_id ||zip[:4]|zip[4:8]
Zip[Bl|| 4B || 4B | 4B
0
id,|w_id| Key Columns

ZIp

Normal Column

Use normal columns (e.g., zip) for
padding instead of “0”

- Fewer “0"s (6.25%)




&)) Challenge 2: PIM Parallelism

If we only consider the alignment:

-Col1 Col2 | Col3

Device 0 1 Z S PIM Underutilization Challenge:
Scanning a column activates only
o ARW || 1PIM.
1
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Distribute columns across PIM units while preserving memory alignment.

ﬁDivide into column blo@

A block
\
Device 0 1 2 3

| e m )
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Distribute columns across PIM units while preserving memory alignment.

ﬁDivide into column blo@

A block
\

Device 0

1

2

3

PIM1

\J

1/

/ 2 Rotate rows in each block \

- Still aligned
- Ful PIM parallelism
Device 0 1 2 3
Col 3 “ Col 1 Col 2
\PIMO PIM1 | [PIM2] [PIM3

origin
—rotate 1

—rotate 2

—rotate 3

/




@) Background for Challenge 3: MVCC and Version Chain

L
N~—— -~ (

Concurrency control: Enables consistent snapshots without blocking writers
- Essential for Single-instance database




&)) Background for Challenge 3: MVCC and Version Chﬁmﬁ,_\ .

Concurrency control: Enables consistent snapshots without blocking writers
- Essential for Single-instance database

Multi-version Concurrency Control (MVCC):
Each data row maintains a meta

Meta:
Data Write
Row Time-  pojnter
Sstamp
a 0 -
CPU b 0 -

C 0 -




&) Background for Challenge 3: MVCC and Version Chain.

e

Concurrency control: Enables consistent snapshots without blocking writers
- Essential for Single-instance database

Multi-version Concurrency Control (MVCC):

Meta:
Data Wirite
Update Row ;’;’;fl; Pointer
batT1 3 0 -
CPU X—>» b 0 -
C 0 - ]
+—» d 11 b

Each data row maintains a meta

h-placeupdate-=> Append a new row

Pointer: point to the previous version




&) Background for Challenge 3: MVCC and Version Chain.

Concurrency control: Enables consistent snapshots without blocking writers
- Essential for Single-instance database

Multi-version Concurrency Control (MVCC):

Update

Data
Row

Meta:
Write

Time-  pojnter
Sstamp

bat T1

0 -

CPU XK—>

0 -| |«

0 -

T1 | bl¢

D||1Ql (O] |1T] D

T2 d|e

Each data row maintains a meta

r-place-update--> Append a new row

Pointer: point to the previous version

—->Forms a version chain for each record
(e-d-b)




&) Background for Challenge 3: Snapshot in MVCC

Snapshot: A consistent view at a time point
example: A snapshotat T1 <t < T2 -- row a,c,d

Meta: . viiE Pointer 2EIE
Timestamp Row
0 - a
Old Version <+
0 - C
T1 b *¢ d
T2>T1 Future Version—




Fragmentation Challenge in PUSHtap:
PIM faces sparse access on fragmented storage

Meta: . Ul Pointer 2l
Timestamp Row
0 - INEEE
<4
0 - = Fragmentation!
T1 b *¢ d
._
r




@&)) Solution 3: Defragmentation

- Solution: periodically defragmentation
(override origin version with the newest)

Dointer Data Row
Col1 Col1 Col2 Col3
- a a a a
- | b b b b
- C C C C
B
de e e e e




&) Solution 3: Defragmentation

- Solution: periodically defragmentation
(override origin version with the newest)

Dointer Data Row
Col1 Col1l Col2 Col3
- a a a a

~ ¢ |[D bl [bl bk
- %RI:RITI\TI

PIMO g PIM1 1 PIM2 PIM3
> | ) /
de e e V e V e

Defragmentation is a data copy = Utilize the high-bandwidth of PIM




@&)) Solution 3: Defragmentation -- Format-aware MVC{CW%W\

Format-aware MVCC: to enable PIM do defragmentation

| Device 0 1 2 3

‘e
Data region (D): pd q R ] ‘ """""" o i - Enable PIM do direct
the original version in-place overwrite
g \ — in-p verwri
Delta region (A): A_/ a‘ L O5000000000 Boooo000000 Socoooooooom
the newer versions . ]
v v

Original version and newer version
have the same rotation




&) Solution 3: Defragmentation — Data Copy

Defragmentation: Two Options

- Option 1: Defragmentation with PIM
Step 1: CPU read meta and broadcast to all PIMs

Step 2: PIM move data

dmn + 2npdw mn + dmn

communication = +
bdwp;y bdw py

d: device num

m: meta size

W: row size

n: row num in A

p: ratio of newest version
in A

bdwcpy /pim: bandwidth

of CPU/PIM

mn: total meta size
npdw: total moved data
size




&) Solution 3: Defragmentation — Data Copy

Defragmentation: Two Options

- Option 1: Defragmentation with PIM
Step 1: CPU read meta and broadcast to all PIMs

Step 2: PIM move data

dmn + 2npdw mn + dmn

communication = +
bdwpy bdwcpy

- Option 2: Defragmentation with CPU
Step 1: CPU read meta
Step 2: CPU move data

mn + 2npdw

communication =
deCPU

d: device num

m: meta size

W: row size

n: row num in A

p: ratio of newest version
in A

bdwcpy /pim: bandwidth

of CPU/PIM

mn: total meta size
npdw: total moved data
size
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w: total column width

PIM is better

Large w
(Total column width)

dmn + 2npdw mn + dmn

communication = +
dePIM deCPU

Small w

CPU is better

eg deCpU: dePIM = 1: 3,m — 16,p ~ 1
.. mn+2npdw w > 16 =2 use PIM
O Ao = = ern w < 16 - use CPU




Challenge 4: CPU-PIM Bank Contention

Conventional PIM program: (e.g. on UPMEM):

int Sum(){ _
mram read(a, data[0]); // DRAM->PIM buffer Xfer
sum += a; // Compute
mram read(a, data[1]); // DRAM->PIM buffer Xfer _ Interleaved
sum += a; // Compute Access &
mram read(a, data[2]); // DRAM->PIM buffer Xfer Computation
sum += a; // Compute _

CPU access is prevented during the whole program

Bank Utilization




® ) solution 4: Architecture Support -- Two-phase Execution
VAR

Decouple access and computation in PIMs by leveraging PIM buffers.

CPU
PIM
oLad| —WRAM < D ﬁ'l\(/'
(PIM Buffer)




&) Solution 4: Architecture Support -- Two-phase Execrutlan,_\ .
AN

Decouple access and computation in PIMs by leveraging PIM buffers.

PIM Buffer ~32kB
@ Load Phase: Bank->Buffer, Block CPU  ->30us block in phase 1

CPU PIM Program:
mram_read
PIM mram_read

OLAP = [WRAMmDRAM

(PIM Buffer)




0

Decouple access and computation in PIMs by leveraging PIM buffers.

PIM Buffer ~32kB
@ Load Phase: Bank->Buffer, Block CPU  ->30us block in phase 1

CPU PIM Program:
mram_read

PIM mram_read
WRATDRAY

OLAP
(PIM Buffer| Bank

Compute Compute
with Buffer with Buffer

1
"IIH i Sous "“H i Better Utilized

Bank Utilization

PIM OLAP —»

30us
block

CPU OLTP




&) More in the Paper

@Unified data format:

* Algorithm for generating the unified data format

®Format-aware MVCC:

» Communication optimization during snapshotting

@Architecture support:

* CPU-PIM switch overhead optimization




&) Experimental Setup

HTAP Benchmark:
* CH-benchmark (TPC-C+TPC-H), implemented based on DBx1000

e size: 20GB

Baselines:
* RS: Row-store

* CS: Column-store

e MI: Multi-instance, row-store on CPU side, column-store on PIM side [ICDE'22],
([ICDE'22] is based on HBM, we fairly adapted it to DDR5)

System Configuration

Simulation:

CPU 16@3.2Hz

DRAM  DDR5-3200, {4 PIM Channel,4 CPU
Channel}*4 Ranks

PIM 500MHz, 64 per Rank

« CPU model: zsim
« DRAM model: Ramulator2



mailto:16@3.2Hz

&) Result: Standalone Performance -- OLTP

OLTP Performance:

—m— RS(Ideal)—e—CS FUSHtap

_ 2E2
@
£1.5E2
=
S 1E2
S
B0.5E2 .
- ol

B0 2M 4M 6M  8M

Transaction Number




&) Result: Standalone Performance -- OLTP

OLTP Performance:

—m— RS(Ideal) —e—CS FUSHTtap
— 2E2
&L CS to ideal:
2 28.1%
E1'5E2 2 - Compared to Row-store(RS, ideal):
S 1Eo - Column-store (CS) is 28.1% worse
O \ than ideal
@ - PUSHtap only incurs 3.5%
£0.5E2 | PUSHtap to ideal: degradation
© / o
- <0 3.5%
= OEQI— ISR —
0 2M 4M 6M 8M

Transaction Number




&) Result: Standalone Performance -- OLAP

OLAP Performance: Consistency includes

: : : defragmentation/
tdeal: with zero-latency defragmentation rebLi%ing |
El PIM O CPU B Consistency

@ Ideal @ Ml oOPUSHtap

. ]

=
m m
w H

b))
\\

W
o
o

100 |pEn m
o IH j

400 10k 100k 1M 4M 8M

Transaction Number

(Before each query)

Analytical Query Time (ms)
S
o




&) Result: Standalone Performance -- OLAP

OLAP Performance: Consistency includes

: : : defragmentation/
tdeal: with zero-latency defragmentation rebui%ing
El PIM O CPU B Consistency
@ Ideal @ Ml oOPUSHtap
1EA
MI to ideal: L

PUSHtap to ideal:
3.5%

m

W =
o
C

123% \\_AI
Compared to ideal: with 1M transactions,
Ml introduce 123% rebuilding overhead

m : PUSHtap only incurs 1.5%
1k 10k 100k 1M 4M 8M defragmentation overhead

Transaction Number
(Before each query)

100

o
T .

Analytical Query Time (ms)
S
_'; o
O




&) Result: Standalone Performance -- OLAP

OLAP Performance: Consistency includes

: : : defragmentation/
tdeal: with zero-latency defragmentation rebui%ing
El PIM O CPU B Consistency
@ Ideal @ Ml oOPUSHtap
1EA
MI to ideal: 1

PUSHtap to ideal:
3.5%

m

W =
o
C

123% \\_AI
Compared to ideal: with 1M transactions,
Ml introduce 123% rebuilding overhead

100 fp
IH m : PUSHtap only incurs 1.5%
0400 10k 100K 1M 4M  8M defragmentation overhead

Analytical Query Time (ms)
S
o

PUSHtap performance is closed to ideal on both OLTP and OLAP
-- Workload-specific optimization




OLAP Throughput
(x10°QphH)
> O

o

—e— Ml PUSHTtap

BN (Infeasible
Region)
(Feasible
Region)

()

50

100 150 200 250
OLTP Throughput (x10°pmC)

300

The line: throughput frontier

Left/Bottom: feasible

Right/Top: infeasible due to
system constrains




—e— Ml PUSHTtap

30 The line: throughput frontier
I Left/Bottom: feasible

4.4x Right/Top: infeasible due to

system constrains

RN
o

OLAP Throughput
(x10°QphH)
S

3.4X D

0 50 100 150 200 250 300
OLTP Throughput (x10°pmC)

Compared to Ml, PUSHtap has 3.4x peak OLTP throughput
When M/ OLTP reaches peak, PUSHtap can still have 4.4x OLAP throughput

PUSHtap have better performance isolation




&) More Results in the Paper

The effectiveness of unified data format algorithm
Defragmentation overhead analyzation
Defragmentation method selection

Area overhead
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Exploiting CPU-PIM access divergence, enables a single unified data format for
both OLTP and OLAP in HTAP.

Critical contributions:
« Unified Data Format: Compact Aligned Format + Block-circulant Placement.
* Concurrency Control: Format-aware MVCC & Defragmentation.
 Architecture Support: Two-phase Execution for eliminating CPU-PIM stalls.

Results:
« 3.4x peak OLTP throughput
* 4.4x OLAP throughput under peak OLTP (vs. MI baseline)
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Hybrid transaction/analytical processing (HTAP) database, 2 processing sets:

Access Pattern:
Row-wise, random
Operation:
Frequent updates
Bottleneck:
CPU-Intensive

Ideal Format:
Row-store

Online transaction processing (OLTP):

Online analytical processing (OLAP):

OLTP Engine
R: Row C:Column T Row
— E—
Database 66 C1 iy C2 C3
| RO 00 01 02 03
R1 10 11 12 13
R2 20 21 22 23
R3 30 31 32 33
— {l_Column —
OLAP Engine

Access Pattern:
Column-wise, sequential
Operation:

Massive read-only
Bottleneck:
Memory-intensive

Ideal Format;
Column-store




&) Current solution 1 - Single-instance, SingIe-forma{___ﬁ_;r\_\‘___\

PN
N \

~

Data Format:
either row/column-store
(e.g. row-store)

OLTP OLAP
M m
u

|
Inefficient
Format

II
F

Row Store Instance

4 Goals: A

%

Workload-specific (Inefficient
Optimization Format)
(Low)
(No Consistency (Single
Overhead) Instance)
Performance Data
|solation Freshness
(High) (High)

\_ /




&) Current solution 2 - Multi-instance, Multi-format .

~

4 N

Data Format:
A row-store instance +
a column-store instance

OLTP OLAP

J J

Row-store Column-Store

Instance Instance
| |
| | [
| |

Rebuild
v

Can only periodically rebuild

due to large overhead

o _

\_

4 Goals:
Workload-specific
Optimization (FEfficie?)t
(ngh) orma
(Two (Periodically
Instances) rebuild)
Performance Data
|solation Freshness
(High) (Low)

/




Data Format:
Primary column-store +
row-store A

OLTP Partially  OLAP
] Inefficient J

~

Format
S e ——
| T |
Row-Store A Column-Store
| | LS,
| ()

|| =
|

Require periodically merge

&) Current solution 3 - Single-instance, Mixed-formgj;r.__\\__\,__\__f__._% .

Goals:
Worquaq-specific (Partially
Optimization  |nefficient
(Medium) Format)
(Periodically (Single
Merge) Instance)
Performance Data
|solation Freshness
(Medium) (High)

\_

~

/




Performance Data Workload-Specific

Format

Isolation Freshness Optimization
Single-instance H H L
Multi-instance H L H
Mixed-format M H M

Summary: Data format conflicts prevent CPU-only
systems from simultaneously achieving all three goals
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&) Summary: Limitations of Current HTAP Solutions

N
VI N

| N\T 71 o

Ideal PUSHtap? H H H
Resolve the data format conflict?




Conventional Von Neumann

Architecture

CPU

Mem
Bus

T

Rank

Array

Bank

Array

Bank

Through

I
Memory Bus
--Limitgd Bandwidth

Suffer from limited bandwidth

between CPU and Memory

Processing-in-memory (PIM):
Integrate Computing Units in banks/devices

Rank
Array | Bank

—— (P
Mem

sedee{ P[M |

| | = R

Access In Parallel
-- High Bandwidth

Concurrent access of thousands of
PIM units provide massive bandwidth

PIM is fit for memory-intensive OLAP




Row-wise Across Device (ADE)

OLTP C tation Intensi K High C tational P CPU
omputation Intensive | omputational Power
HTAP g | I -OMPHa PIM
Column-wise Inside Device (IDE)
OLAP , > , , PIM
Memory Intensive High Bandwidth
OLTP Engine > CPU
R: Row C:Column f f
< i dguutug ol g 00Ul
— ————— DRAM Bank
Database CO C1 || C2 C3 DeviceO| Devic{}1 Device2 Device3
[RO Row ADE
RT [ Col- IDE
R2 |umn
R3
— i — g 0 g g
OLAP Engine [ PIMO |[ PIM1 |[ PIM2 |[ PIM3

Format Conflicts Access Divergence




One Naive Solution: padding Os

IDE ADE o Device
2 3

id[0][ zip[O]

)

1
—
el

id[1]| zip[1]

zip[2]

SHEE
Q
N

Id[3]] zip[3]

Row 0 — Zip[4

o

o
=

id[1]

Row 1 —

o

: [2]=]=
Q

Aligned on both dimensions v




One Naive Solution: padding Os
IDE_ADE Device

Aligned on both dimensions v

Bandwidth Waste X
(Both CPU & PIM)

CPU: Interleaved Access
<0.5 effective bandwidth

Row 0 —

Row 1 —




One Naive Solution: padding Os

IDE_ADE Device
0 1 2 3 : : :
0] W a0l Zo[0] Aligned on both dimensions v
w_id[1] zip[1]
W g% zip%} Bandwidth Waste X
W i Zip
Row P\ AcCC 0 |zipla (Both CPU & PIM)
8 z!p[g PIM: 8 Byte Burst (UPMEM)
0 228{7] <25% effective bandwidth
0 ZIp[8]
W ggw 2ol0
S W | ZIp
Row 1 w_id[2][ zip[2]




One Naive Solution: padding Os
IDE_ADE Device

0 1 2 3
d 1d[0]

SHEE

id[3

id? Zip[0]
id[1] zip[1]
id[2] zip[2]

Aligned on both dimensions v

Bandwidth Waste X
(Both CPU & PIM)

How to reduce the 0s?

Row 1 —

: [2]=]=
Q




Generating the Compact Aligned Format:
In each iteration:

Step 1: Select the widest key column, width W

Key column: lteration 0: Generate Part 1
id (2) _ N
w_id (4)*
state (3)*

Normal column:
zip (9)
credit (2)




Generating the Compact Aligned Format:
In each iteration:

Step 1: Select the widest key column, width W
Step 2: Select from the remaining key columns
that is wider than W/ - th
(th is a predefined threshold, e.g., 0.75)
d_id (width =2, <W -th =3) X

Key column:
id (2)*
d_id (2)
w_id (4)*
state (3)*

Normal column:
zip (9)
credit (2)

Iteration 0: Generate Part 1

Step 1:
W=4

Step 2:

w_id(4)*

w_id(4)*

’ d_id (2)°

Column width< th 0.75 X




Generating the Compact Aligned Format:
In each iteration:

Step 1: Select the widest key column, width W
Step 2: Select from the remaining key columns
that is wider than W/ - th
(th is a predefined threshold, e.g., 0.75)
d_id (width =2, < W - th =3) X
state(width =3, > W -th =3)

Key column:
id (2)
d_id (2)
w_id (4)*
state (3)*

Normal column:
zip (9)
credit (2)

Iteration 0: Generate Part 1

Step 1:
W=4

Step 2:

w_id(4)*

w_id(4)*

state(3)*




Generating the Compact Aligned Format:
In each iteration:

Step 1: Select the widest key column, width W
Step 2: Select from the remaining key columns
that is wider than W/ - th
(th is a predefined threshold, e.g., 0.75)

Step 3: Fill the rest of the bytes with normal

columns

Key column:
id (2)
d_id (2)
w_id (4)*
state (3)*

Normal column:
zip (9)
credit (2)

Iteration 0: Generate Part 1

Step 1:
W=4

Step 2:

Step 3:

w_id(4)*

w_id(4)*

state(3)*

w_id(4)*

state(3)*

Zip[0](1)

Zip[1:9]
(4)

Zip[5:]
(4)




Generate Compact Alighed Format (1)

Generating the Compact Aligned Format:
In each iteration:

Step 1: Select the widest key column, width W

Step 2: Select from the remaining key columns Key column: lteration 0: Generate Part 1
. id  (2) N
that is wider than W - th ij_id 22; 3\53241- w_id(4)
: : w_id (4) "
(th is a predefined threshold, e.g., 0.75) state (3)* | Step 2: |w_id(4)*| State(3)
< 3 Fill th fthe b h [ Normal column:
tep 3: Fill the rest of the bytes with norma zip (9) | Step 3: T =
: 4 credit (2) P> W id(a) St::;fi) Z'p(g)-5] Z'E’E-]
SRR Key column: Iteration 1: Generate Part 2
id ] (2)* Step 1: | . 2
Each iteration generate one part of table atd g; w=2 | ‘9@
The parts are located on different banks for N"";a' column: | Step 231 id(2)* | d_id(2)* | credit(2)

efficient CPU access




&) Generate Compact Aligned Format (2) -- Trade-oﬂ;_r\,L.\_(i__‘__tll.w,tl\zT

CPU-PIM effective bandwidth trade-off with th:




#)) Generate Compact Aligned Format (2) -- Trade-Offa;_r\l_\\liill~._L,hT

CPU-PIM effective bandwidth trade-off with th:

If th is too small: PIM bandwidth is underutilized

th = 0.5: d_id can fit in part 1
Part 1:

Generated

Format: H
credit(2) | zip[0:2] (2) [ Zip[2] (1)

Part 2:
zip[3:5] (2) | zip[5:7] (2) | zip[7:] (2) 0




&) Generate Compact Aligned Format (2) -- Trade-ofji‘ﬁ_r\.A_\li__‘__tll~._1;,hT

CPU-PIM effective bandwidth trade-off with th:

If th is too small: PIM bandwidth is underutilized

th = 0.5: d_id can fit in part 1

Part 1:
Generated 2B data, 2B stride X

Format:

credit(2) | zip[0:2] (2) [ zip[2] (1)

Part 2:
zip[3:5] (2) | zip[5:7] (2) | zip[7:] (2) 0

Typical PIM access granularity: 8 byte (UPMEM)

PIM scans d_id: 2B data + 2B stride
- 50% PIM bandwidth utilization X




&) Generate Compact Aligned Format (2) -- Trade-ofji‘ﬁ_r\.A_\li__‘__tll~._1;,hT

CPU-PIM effective bandwidth trade-off with th:

If th is too small: PIM bandwidth is underutilized

th = 0.5: d_id can fit in part 1

Part 1:
Generated 2B data, 2B stride X
Format:
credit(2) | zip[0:2] (2) [ Zip[2] (1)
Part 2: Only 2B zero-padding

zip[3:5] (2) | zip[5:7] (2) | zip[7:] (2) 0

Typical PIM access granularity: 8 byte (UPMEM)

PIM scans d_id: 2B data + 2B stride

- 50% PIM bandwidth utilization X

CPU access the row: Only 2B zero-padding
- 90% CPU bandwidth utilization v




Generate Compact Aligned Format (2) -- Trade-ofj_}ji‘%@_\\(_\‘__;Ti\,__‘_tll._a_t;(,hT

CPU-PIM effective bandwidth trade-off with th:

If th is too small: PIM bandwidth is underutilized

If th is too large: CPU bandwidth is underutilized

th = 0.5: d_id can fit in part 1

Part 1:

Generated 2B data, 2B stride X

Format:

credit(2) | zip[0:2] (2) [ zip[2] (1)

Part 2: Only 2B zero-padding
zip[3:5] (2) | zip[5:7] (2) | zip[7:] (2) 0

Typical PIM access granularity: 8 byte (UPMEM)

PIM scans d_id: 2B data + 2B stride

- 50% PIM bandwidth utilization X

CPU access the row: Only 2B zero-padding
- 90% CPU bandwidth utilization v

th = 1: state can not fit in part 1 -- arranged in
a new part

Generated Part 1:

Format:

zip[8] (1)
-zip[0:4] (4)| zip[4:8] (4) | credit(2)

Part 2:

BEE@E 0 [ 0 [ 0

Part 3:

did @@ ] 0 ] 0




Generate Compact Aligned Format (2) -- Trade-ofj_}ji‘%@_\\(_\‘__;Ti\,__‘_tll._a_t;(,hT

CPU-PIM effective bandwidth trade-off with th:

If th is too small: PIM bandwidth is underutilized

If th is too large: CPU bandwidth is underutilized

th = 0.5: d_id can fit in part 1

Part 1:

Generated 2B data, 2B stride X

Format:

credit(2) | zip[0:2] (2) [ zip[2] (1)

Part 2: Only 2B zero-padding
zip[3:5] (2) | zip[5:7] (2) | zip[7:] (2) 0

Typical PIM access granularity: 8 byte (UPMEM)

PIM scans d_id: 2B data + 2B stride

- 50% PIM bandwidth utilization X

CPU access the row: Only 2B zero-padding
- 90% CPU bandwidth utilization v

th = 1: state can not fit in part 1 -- arranged in

a new part
Generated _Part1: .
. _ _ Zip[B] (1)
Format; zip[0:4] (4) | zip[4:8] (4) [ credit(2)
Part 2:
BEE@ o0 [ o [ o
Part o:
0 0
No Strides

PIM scans all the key columns: No strides
- 100% PIM bandwidth utilization v




®) Generate Compact Aligned Format (2) -- Trade-off with.th

CPU-PIM effective bandwidth trade-off with th:

If th is too small: PIM bandwidth is underutilized

If th is too large: CPU bandwidth is underutilized

th = 0.5: d_id can fit in part 1

Part 1:

Generated 2B data, 2B stride X

Format:

credit(2) | zip[0:2] (2) [ zip[2] (1)

Part 2: Only 2B zero-padding
zip[3:5] (2) | zip[5:7] (2) | zip[7:] (2) 0

Typical PIM access granularity: 8 byte (UPMEM)

PIM scans d_id: 2B data + 2B stride

- 50% PIM bandwidth utilization X

CPU access the row: Only 2B zero-padding
- 90% CPU bandwidth utilization v

th = 1: state can not fit in part 1 -- arranged in

a new part
Generated _Part1: .
_ _ _ ZIp[B] (1)
Format; zip[0:4] (4) | zip[4:8] (4) [ credit(2)
Part 2:
0 0 0
Part o:
0 0
No Strides

Too many zeros

PIM scans all the key columns: No strides
- 100% PIM bandwidth utilization v
CPU access the row: More 0 padding

- 60% CPU bandwidth utilization X




System Configuration

Table 1. System Configuration

Host CPU

Processor 16 = O3CPU @3.2GHz

L1I/L1D 32kB / 32kB, Assoc: 8

L2/L3 1MB Assoc: 16 / 22MB, Assoc: 22
Cache Line 64 B

DRAM DIMM
DRAM DDR5-3200, 8x8, 8GB/Rank
Ba/De/Ro/Co 8/8/131072/ 1024
Timing Param. tBURST=2.5ns tRCD=tCL=tRP=7.5ns

tRAS=16.3ns tRRD=2.5ns
tRFC=121.9ns tWR=15.0ns tWTR=11.2ns
tRTP=3.75ns tRTW=tC5=4.4ns tREFI=3.9us

PIM Units
PIM Unit 500MHz, 16 tasklets, 1GB/s bandwidth [11]
64kB WRAM, 64-bit PIM-DRAM wire width
Num 64 per Rank, at Bank level inside Devices

System Configuration

CPU System 4 Channels x4 Ranks normal DRAM
4 Channels x4 Ranks with PIM units




Result: Data Format

PIM-CPU bandwidth trade-off with th:
—o— CPU —e— PIM

100

~ th=0.6
& 80
= [tem Storage
0 60 0
o0 Data 96.9%
240 Padding0  0.8%
é 20 Snapshot 2.3%
LU

%02 04 06 08 1

Threshold (th)

OLTP is Compute-Bounded
- Can sacrifice some OLTP bandwidth to favor OLAP.

Decision: th = 0.6
PIM effective bandwidth: 97.4%;
CPU effective bandwidth: 59.8% (only 15% lower than peak)




1E6

1ES
» 1E4
1E3
1E2
1E1
1EO

Time (ms

Result: Defragmentation Overhead

100400 1k 4k 10k40k100k400k1M 2M 4M 8M
Transaction Number

Defragmentation only incur
<1.5% overhead on OLTP

|@w.o. O with Defragmentation —e— Overhead| 14

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Overhead on OLTP (%)

—e— Fragmentation-«— Defragmentation

(o))
o

o
o

Overhead on QLAP, (%)
S N
o ()

0 2M 4A4M 6M
Transaction Number

Defragmentation improves
OLAP performance by 2.05x




#&)) Result: Defragmentation Method TN T

=0-0nly CPU=e=Only PIM Hybird
150 Only CPU: Defragmentation with CPU
125 Only PIM: Defragmentation with PIM
£100 Hybrid: Choose CPU/PIM according to
O 75 column width
= 50 Column width varies from 2 bytes to 20 bytes
25
0
0 2M 4M 6M 8M

Transaction Number

Hybrid achieves the best efficiency






