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Resource Disaggregation

@ 0 Individual resource scaling = improves utilization = reduces TCO [1].
Bml| Widely adopted.

] Pang and Wang, 2024, Understanding the Performance Implications of the Design Principles in Storage-Disaggregated Databases, PACMMOD.

| Lerner and Alonso, 2024, CXL and the Return of Scale-Up Database Engines, PVLDB.
] Wang et al., 2022, The case for distributed shared-memory databases with RDMA-enabled memory disaggregation, PVLDB.

] Chronis et al., 2025, Databases in the Era of Memory-Centric Computing, CIDR.
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Resource Disaggregation

e Individual resource scaling = improves utilization = reduces TCO [1].
Bml| Widely adopted.

Increasing efforts on memory-disaggregated database systems [2, 3].

Interconnect technology to implement memory disaggregation [2, 4].

- Breaks assumption that memory is close to CPU [2].

Extensive experimentation required to identify what part of a database engine
can be stored in CXL memory and what part should reside in CPU memory [2].
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[5] Dreseler et al., Hyrise Re-engineered: An Extensible Database System for Research in Relational In-Memory Data Management, EDBT.

UPI

CPU 1

A

DDRS

DDRS

XX

@ Seagate Composable
3 Memory Appliance (CMA)
— [|CMA Blades| ki< XX
I o i
< L | K | S
© K 2RI
i
= /K <+ PXIX
S SRR | [ERX
< || |E2EE [Rok
< a ﬁm

Memory per CMA blade:

8 x 128 GiB DDR4 (1866 MT/s)

DES A paTA
ENGINEERING
SYSTEMS GROUP

Memory of each CXL device configured
as CPU-less NUMA node (system RAM).

?

Impact of storing table
data in CXL memory

HYRISE

——— | |

16



DES A paATA
: . ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on Hyrise | SF 100 | 10 simultaneous query streams | 20 minutes

17



DES A paATA
: : ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on Hyrise | SF 100 | 10 simultaneous query streams | 20 minutes
Black Box Approach (Page Granularity)

= 40 Fee——— ]
+ 8 35 =
= = 30 -
Qy © -
< = 25 -
bD -
St :
=l %(5) B --Data in CPU memory (baseline)
— ;5;) = -+ > (.85 xbaseline
— O - [ D D D D D D D D I r 1 rr rr +r 1111
LRI TN
AN T S S T A A A A A AN O F IO N RS S S
— = v — O\ <M
Page placement ratios
[CPU memory:CXL memory]

18



DES A paATA
: : ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on Hyrise | SF 100 | 10 simultaneous query streams | 20 minutes
Black Box Approach (Page Granularity)

=40 F————————————————————— ]
- g 35 -
a5 9U -
<= 25 -
bo -
= % 20 - :
o .Q) 15 - o . .
R Data in CPU memory (baseline)
= g;;) = -+ > (.85 xbaseline
— O - ¢ rrr 1111 11 I r 1 rr rr +r 1111
LRI NN A AT
AN A A A A A A A A N O F IO INO RS S S
— — AN
Page placement ratios
[CPU memory:CXL memory]

= Data placement via page interleaving
across CPU memory and one CXL device



DES A paATA
: : ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on HyriSE | SF 100 | 10 simultaneous query streams | 20 minutes
Black Box Approach (Page Granularity)

= 40 Fee——— ]
- g 35 -
S 30 B
<= 25 -
= :
5% 20 - :
C>.Q) 153 - o . .
R Data in CPU memory (baseline)
= g;;) (5) - -+ > (.85 xbaseline
— O - [ D D D D D D D D I r 1 rr rr +r 1111
LRI TN
AN T S S T A A A A A AN O F IO N RS S S
— = — AN
4 Page placement ratios 0
~98% [CPU memory:CXL memory] ~2%

ooooooo o0ooooo

= Data placement via page interleaving
across CPU memory and one CXL device

20



DES A paATA
: : ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on HyriSE | SF 100 | 10 simultaneous query streams | 20 minutes
Black Box Approach (Page Granularity)

=140
2 B
==
2%
o == '
5% 20 - :
S 2 15 " — 1 b 1
ER IR Data in CPU memory (baseline)
— g;;) = -+ > (.85 xbaseline
— O [ D D D D D D D D I r 1 rr rr +r 1111
LRI TN
AN T S S T A A A A A AN O F IO N RS S S
— = — AN
4 Page placement ratios 0
~98% [CPU memory:CXL memory] ~2%

ooooooo o0ooooo

= Data placement via page interleaving
across CPU memory and one CXL device



DES A paATA
: : ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on HyriSE | SF 100 | 10 simultaneous query streams | 20 minutes
Black Box Approach (Page Granularity)

=40  F—————=————— ]
- g 35 -
a5 9U -
S5 20"
gEﬁMT
25 %8 - --Data in CPU mpemory (baseline)
— CSD) = -+ > (0.85 xbaselil
— O - [ D D D D D D D D r 1 rr rr +r 1111
SRR N A
IO g R S B L FLOONOAR OO O
— = — AN
Page placement ratios
[CPU memory:CXL memory]

= Data placement via page interleaving
across CPU memory and one CXL device

= 2:1 stores onIy% pages in CXL memory



DES K paTa
: . ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on HyriSE | SF 100 | 10 simultaneous query streams | 20 minutes

Black Box Approach (Page Granularity) Access Frequency-Based (Column Granularity)
= 40 - ) e ] .
- 9 351 *5 35 - : Data 1n
:S.Q,_q) 7] - Q) .
2.5 30 - 5 = 30 - 8 CPU
S = 2D 7 Q—q& b Lo -
ES S = 20 o o L A . o o memory
o L 15 - . . = ] 28 085 0 28 % > S b (baseline)
R R Data in CPU memory (baseline) S 15{Y2S4AE3EEEs2 <51 A
r*‘;g;) - > (.85 xbaseline S8 10438 & = 3%%%‘2’%%%%3‘5%% > (.85 x
- 1 S | | | | | | | e ' K @ : .
— () r r 1111 rrrrrtrrrrrrrrri 82 9 fg + _|_ + _|_ _|_ + + i_l_ + _|_ f _f _? f" baseline
ggaqwl\\omﬁ*mmﬂﬂﬂ 1‘vw“ ““““ O | | | | | | | | | | | | | | | |
*‘*‘*‘*‘*‘*‘*‘*"N“’"*'-Nl\m\agg 1 234567 8 910111213141516

Page placement ratios

Columns in CPU memory [Top-n by access frequenc
[CPU memory:CXL memory]| u y [Top-n by q y]

* Accumulate data accesses per column

23



DES K paTa
: . ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on Hyrise | SF 100 | 10 simultaneous query streams | 20 minutes

Black Box Approach (Page Granularity) Access Frequency-Based (Column Granularity)
= 40 - — 40 Freeeeeee e ] :
S 95 =) _ : Data in
45 2 ’ +o 8 39 !
2.5 30 - 5 = 30 - 8 CPU
5= 25 - =L 95 B ~ memory
= o 20 7 S : T - - M =) .
o L 15 - . . S 2001 .2 828 28 <% > S b (baseline)
25 19 Data in CPU memory (baseline) S 15{Y2S4AE3EEEs2 <51 A
= ¢ 10 - > ().85 x baseline S ol 8283258858 88 2EE &5 > 0.85X%
Al 9 T8 1R ATATEAAd855 33 2] Dacel
— () r r 1111 rrrrrtrrrrrrrrri ~" 9 fg + _|_ + _|_ _|_ + + i _|_ + _|_ i _c.: _? f" baseline
ggSQ\OO‘OL\\OLﬁﬁ*MNﬁﬂﬁ 1‘vw‘V """" O I I I I I I I I | I I I I I I I
*‘*‘*‘*‘*‘*‘*‘*"Nm"*'-ml\m\aga 1234567 8 910111213141516

Page placement ratios

Columns in CPU memory [Top-n by access frequenc
[CPU memory:CXL memory]| u y [Top-n by q y]

* Accumulate data accesses per column

" Columns with top-n access counts in CPU memory

24



DES A paATA
: . ENGINEERING
CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

TPC-H on Hyrise | SF 100 | 10 simultaneous query streams | 20 minutes

Black Box Approach (Page Granularity) Access Frequency-Based (Column Granularity)
= 40 A ) g ] .
- 9 351 E 35 - : Data in
- = | - X
— 30 - = . 30_ - CPU
Eg o5 S — -
o< NE Y= 29 v o 5 ,§4 « 8 o= mMemory
§$15; . . =% 20728 32 E8s S22 BE b2 (baseline)
R R Data in CPU memory (baseline) S 1Y 2S4AE3EEE 2 <5 %A
_—igz;) = > ().85xbaseline '_5%1()-:@ 3 2 3%;@%@'%5@3@88%% > (.89 X
- = | | | | | | - R | ' S A : .
— () r r 1111 rrrrrtrrrrrrrrri 22 5_ﬁ+ _|_ + _|_ _|_ + + i_l_ + _|_ i _c.: _%f" baseline
ggac\ool\\omﬁ*mmﬂﬁﬁ 4(4( ““““ O | | | | | | | | | | | | | | |
*‘*‘*‘*‘*"*‘*“‘*Nm“*'-“m\m\aaa 1 234567 8 9101112131415|16

Page placement ratios

Columns in CPU memory [Top-n by access frequenc
[CPU memory:CXL memory]| u y [Top-n by q y]

* Accumulate data accesses per column
" Columns with top-n access counts in CPU memory

" Top-16(23% of table data size) in CPU memory
results in 94% baseline performance
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TPC-H on Hyrise | SF 100 | 10 simultaneous query streams | 20 minutes
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Conclusion

CXL memory for cold and warm data with hot data in CPU memory can lead to high performance
when a DBMS uses both CPU and CXL memory.
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Economic Viability

Calculate expenses of CPUs and memory DIMMs.

We collected prices of NEMIX DDR4/DDR5 288-PIN RDIMMs on NewEgg.com in March 2025. 29
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Calculate expenses of CPUs and memory DIMMs.
Price [$] per GiB

DDR4 DDR5
> 16 1.9 5.3
B 32 " DDR4 2.2 4.3
< 64 B DDR5 2.0 5.4
=9, 128 5.1 7.4
@, 256 5.0 12.5

Price[$] O 500 1000 1500 2000 2500 3000

We collected prices of NEMIX DDR4/DDR5 288-PIN RDIMMs on NewEgg.com in March 2025. 31



DES A paATA
CXL M : : ENGINEERING
emory Performance for In-Memory Data Processing | Marcel Weisgut SYSTEMS GROUP

Economic Viability

Calculate expenses of CPUs and memory DIMMs.
Price [$] per GiB

DDR4 DDR5
> 16 1.9 5.3
B 32 " DDR4 2.2 4.3
< 64 B DDR5 2.0 5.4
=9, 128 5.1 7.4
@, 256 5.0 12.5

Price[$] O 500 1000 1500 2000 2500 3000

- Avoid 128 GiB / 256 GiB DIMMs to minimize memory expenses.

We collected prices of NEMIX DDR4/DDR5 288-PIN RDIMMs on NewEgg.com in March 2025. 32
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Economic Viability

CPU Memory +  CPU Memory + Observations
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Economic Viability

CPU Memory +  CPU Memory + Observations

CPUMemory == 4 oxp Device ™" 1 to 4 CXL Devices
190 CPU memory cheapest for

=S s | demand (D) < 1 TiB.
S = 100 I
S O ]() I Up to 61% cost reduction + 1
22 60 ,' for 4 TiB < D < 5 TiB. device
Sh !
Z‘E 40 Up to 64% cost reduction ({F: +1to 4
=20 20 for D > 5 TiB. ' devices
aals

0 1 2 3 4 5 €6 7 8 Reusing DIMMs of old servers

Memory capacity demand [TiB] further reduces cost of CXL setups.
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Conclusion

CXL memory can reduce cost while providing high OLAP
throughput with hot data in CPU memory.

Bandwidth-bound workloads benefit from CXL memory
bandwidth of multiple devices.

Write-throughput limited workloads can benefit from writes
to CPU memory and reads from CXL memory.

g
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Conclusion

CXL memory can reduce cost while providing high OLAP
throughput with hot data in CPU memory.

Bandwidth-bound workloads benefit from CXL memory
bandwidth of multiple devices.

g

Write-throughput limited workloads can benefit from writes
to CPU memory and reads from CXL memory.

Changing data structures according to their memory E
bottleneck improves performance.
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2x Intel Xeon Gold 6542Y @ Seagate Composable
(24 cores each)  CPpU ( CPU 1 3 Memory Appliance (CMA)
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At At S
¢~ Channel DDR5 DDR5 E E E‘ % < AEXIX
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Columns in CPU memory [Top-n by access frequency]
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Memory capacity demand [TiB]
|\> CXL memory can reduce cost while providing high OLAP

throughput with hot data in CPU memory.

Bandwidth-bound workloads benefit from CXL memory
bandwidth of multiple devices.

Q bd Write-throughput limited workloads can benefit from writes
cPU cXL to CPU memory and reads from CXL memory.

O0—=A Changing data structures according to their memory
NO‘Z? bottleneck improves performance.
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Contact |
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Data Engineering Systems Group @ HPI
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Hardware Setup
2x Intel Xeon Gold 6542Y (Emerald Rapids)
24 cores per CPU
CPU O
: DDRS
Die TR
Memory
Controller
> DIMM
<:> Channel DDRS5

UPI

Memory per CPU:
8 x 32 G1B DDRY5 (4800 MT/s)

XX

% Seagate Composable
CPU 1 3 Memory Appliance (CMA)
X%xx — ||CMA Blades 'l<:§ %%
— <
pERE L SR (IR
o ﬁﬁﬂﬁx
S B
LK
AABD || <§§§ <SP
DDRS [ [= || | QXK | < FXIX
s
Memory per CMA blade:
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Server

Supermicro SYS-741GE-TNRT

CPUs

2X Intel 5th Gen Xeon Scalable Gold 6542Y with 24 cores

Caches

L1i: 32 KiB, L1d: 48 KiB, L2: 2 MiB, L3: 60 MiB

Memory

8% 32 GB DDRS5 with a speed of 4800 MT/s

Ubuntu 24.04, Kernel 6.13

8 x 128 GiB DDR4 (1866 MT/s)
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Economic Viability
CPU Memory +  CPU Memory + Observations
CPUMemory == 1 ox1, Device ™" 1 to 4 CXL Devices
190 CPU memory cheapest for
B § 32 x 256 GiB | 3¢ ,ﬁ\m\m\-\!\m\'&\ demand (D) <1 TiB.
g = 100 I
S O ]() I Up to 61% cost reduction + 1
== ! for 4 TiB <D < 5 TiB. device
S 3 60 :
fé 40 64 GiB SEEEEe Up to 64% cost reduction ({F: +1to4
=20 20 e A for D > 5 TiB. ' devices
A S SP7Tup t0/16 x 64 GiB (1 CPU)

0 PSP S AR S AR Reusing DIMMs of old servers

Memory capacity demand [TiB] further reduces cost of CXL setups.
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Throughput CPU Memory & CXL Dewce Memory
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Latency
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= 8 B reads/writes
= Reads: load + fence

= Writes: first load cache line,
then measure store + clwb
+ fence
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Latency
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= 8 B reads/writes
= Reads: load + fence

= Writes: first load cache line,
then measure store + clwb
+ fence
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= 8 B reads/writes
= Reads: load + fence

= Writes: first load cache line,
then measure store + clwb
+ fence
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Memory Expansion with Multiple CXL Devices

Type 3 Devices
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Throughput — Multiple CXL Devices
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In-Memory SIMD Column Scan

Selectivity: 100 % Selectivity: 0.1 %

240 - ;
a) : CPU
E@ 200 - .
- 160 - =x= ColumnsCXL-1
2 ] =+ ColumnsCXL-4
el - .
=3 207 : -+ CXL-1
O 80 . - ‘.—IO“‘“""
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1 8 1624324048 1 8 16 24 32 40 48
Threads

» 4-B unsigned integer (uint) values

» Each thread scans separate column (512 MiB, ~134 M values)
» Scan writes 4-B uint tuple identifiers (TIDs) for matches

* Allocate memory region for each column and each TID list
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In-Memory SIMD Column Scan

Selectivity: 100 % Selectivity: 0.1 %

: : - Observations
24() - : ol o
200 - : o~ ~e= CPU » Lower selectivity 2 fewer
: : / == ColumnsCXL-1  writes = higher performance
160 - - .
: : == ColumnsCXL-4 : .
20 - : / * Write throughput limits scan
: =+= CXL-1 : : :
80 - e—om—emmel ] L emaemecentt since it writes a 4-B TID for
T N E R A T Cnles each read value
I e |
S AL R N S B S * More devices yield higher scan
1 8 1624324048 1 8 16 24 32 40 48

Threads throughput

4-B unsigned integer (uint) values

Each thread scans separate column (512 MiB, ~134 M values)

Scan writes 4-B uint tuple identifiers (TIDs) for matches

Allocate memory region for each column and each TID list
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In-Memory SIMD Column Scan

Selectivity: 100 % Selectivity: 0.1 %

: - Observations

240 - : a— .

200 - : - -+~ CPU " Lower selectivity 2 fewer
: / == ColumnsCXL-1  writes = higher performance

60 - B o
- === ColumnsCXL-4 : .

20 - : / * Write throughput limits scan

=+ CXL-1 : : :
80 - Tl [ ey — since it writes a 4-B TID for
T & Ao T Rl each read value
0T T 77 T * More devices yield higher scan
1 8 1624324048 1 8 16 24 32 40 48

Threads throughput

4-B unsigned integer (uint) values

Each thread scans separate column (512 MiB, ~134 M values)

Scan writes 4-B uint tuple identifiers (TIDs) for matches

Allocate memory region for each column and each TID list
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In-Memory SIMD Column Scan

Selectivity: 100 % Selectivity: 0.1 %
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[ memnemnee since it writes a 4-B TID for
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* More devices yield higher scan

Threads throughput

4-B unsigned integer (uint) values

Each thread scans separate column (512 MiB, ~134 M values)

Scan writes 4-B uint tuple identifiers (TIDs) for matches

Allocate memory region for each column and each TID list
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In-Memory SIMD Column Scan

Selectivity: 100 % Selectivity: 0.1 %
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Threads Inp

» 4-B unsigned integer (uint) values
» Each thread scans separate column (512 MiB, ~134 M values)
» Scan writes 4-B uint tuple identifiers (TIDs) for matches

* Allocate memory region for each column and each TID list -
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Impact of Storing Pages in CXL Device Memory
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Scans with a Share of Columns in CXL Memory

# Devices 1 — 4 # Selectivity =e= 100 % == 0.1 %
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Share of columns in CXL memory [%]
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Top-Down Microarchitecture Analysis: Scans & B+-Tree Workloads

CXL Memory Performance for In-Memory Data Processing | Marcel Weisgut

1 Back-End Bound I Front-End Bound 1 Memory Bandwidth " Back-End Bound M Front-End Bound " Memory Bandwidth
B Bad Speculation M Retiring B Memory Latency B Bad Speculation M Retiring B Memory Latency
95% Reads 5% Reads 95% Reads 5% Reads

100 % 100 %

Selectivity 0.1 % Selectivity 0.1 %
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Performance breakdown with 40 threads and all data on one device (CXL-1), four devices (CXL-4), or CPU memory (CPU) with normalized
bandwidth- and latency-bound shares.
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BlreeOLC Performance with Different Data Placement Configurations (1024 B Nodes)

95% Read, 5% Insert 5% Read, 95% Insert

— DO QO H=O1OHY~JO0O
OO

Throughput [M Ops/s]

1 8 16 24 32 40 48 1 &8 16 24 32 40 48
Threads
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BTreeOLC Performance with Different Data Placements and Node Sizes for 48 Threads

95% Read, 5% Insert 5% Read, 95% Insert

-
-

Throughput [M Ops/s]
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Latency- and Bandwidth-Bound 1.Ops of the Write-Heavy Workload for Different Node Sizes

e 80
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2 0
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Node Size [Bytes]
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Black Box Approach (Page Granularity)
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Columns in CPU memory [Top-n by access frequency]



