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Near-Memory Computing

DRAM \CPU \ \ CPU \ NMC RAM — DPUs
Memory

DRAM NMC RAM — DPUs
Controller

* Near-Memory Computing (NMC): move computation close to data
- DRAM Processing Units (DPUs) have direct data access

- Massive parallelism without contention: up to 2560 DPUs per system
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Near-Memory Computing with UPMEM PIM

DRAM \ CPU \ \ CPU% PIM RAM = DPUs
Memory

DRAM %— PIM RAM =« DPUs
Controller

* Near-Memory Computing (NMC): move computation close to data
- DRAM Processing Units (DPUs) have direct data access

- Massive parallelism without contention: up to 2560 DPUs per system
* UPMEM PIM: only commercially available NMC hardware
+ Behaves like an accelerator and not (ideal) NMC
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UPMEM PIM: An Accelerator for Parallel Kernels

PIM RAM

2 ranks x 4 GB 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB

DPU | |[DPU | DPU | |DPU| | DPU | | DPU | | DPU
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB
‘No ‘ or ‘Dk ‘I\/Is ‘Ch 0 Wp

DPU DPU DPU DPU DPU DPU DPU

PIM RAM
2 ranks x 4 GB
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB
[No  [or Dk [Ms |Ch .0 Wp

DPU | |DPU | | DPU| |DPU | |DPU | | DPU | | DPU

PIM RAM
2 ranks x 4 GB

* CPU execution: runkKernel(...)
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”
64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB
[No  [or Dk [Ms  [Ch .0 Wp
DPU [ |DPU [ | DPU | [DPU | [ DPU | | DPU | | DPU

PIM RAM
2 ranks x 4 GB

* CPU execution: runKernel(...)

« NMC execution: alloc(...); writeData(...); loadKernel(...);
writeQuery(...); runKernel(); readResult();
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

PIM RAM

2 ranks x 4 GB 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB

‘No ‘DI\/I ‘C_‘ ‘Wo ‘ rk ‘sh ‘op

DPU | |DPU | | DPU | |DPU| | DPU | | DPU | | DPU

« CPU execution: runKernel(...)

« NMC execution: alloc(...); writeData(. . .); loadKernel(...);
writeQuery(. . .); runKernel(); readResult();
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

PIM RAM

2 ranks x 4 GB 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB

[No p™M  |C, Wo  |rk | sh lop
DPU DPU DPU DPU DPU DPU DPU

* CPU execution: runKernel(...)

« NMC execution: alloc(...); writeData(...); loadKernel(...);
writeQuery(...); runKernel(); readResult();
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

PIM RAM

2 ranks x 4 GB 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB

No [pM  [C. Wo  [rk | sh lop

DPU | |[DPU | DPU | |DPU| | DPU | | DPU | | DPU

« CPU execution: runKernel(...)

« NMC execution: alloc(...); writeData(. . .); loadKernel(...);
writeQuery(...); runKernel(); readResult();
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

PIM RAM

2 ranks x 4 GB 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB

No [pM  [C. Wo  [rk | sh lop

DPU | |[DPU | DPU | |DPU| | DPU | | DPU | | DPU

« CPU execution: runKernel(...)

« NMC execution: alloc(...); writeData(. . .); loadKernel(...);
writeQuery(...); runKernel(); readResult();
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UPMEM PIM: An Accelerator for Parallel Kernels

Input: “NoDMC_Workshop”

PIM RAM

2 ranks x 4 GB 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB | 64 MB

No [pM  [C. Wo  [rk | sh lop

DPU | |[DPU | DPU | |DPU| | DPU | | DPU | | DPU

« CPU execution: runKernel(...)

« NMC execution: alloc(...); writeData(. . .); loadKernel(...);
writeQuery(...); runKernel(); readResult();
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UPMEM PIM in Database Systems

* Kernels can be > 100x faster than CPU, but high overhead

« (Partial) offloading of analytical queries [B)JS23a; BJS23c; BJS23b; Lim+23];
either per-query or permanent offloading (constant data)

per-query colA| colB| colC|colD| colE| col F| col G| colH

permanent colA| colA| colA| col A| col A| col A| col A| col A
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UPMEM PIM in Database Systems

* Kernels can be > 100x faster than CPU, but high overhead

« (Partial) offloading of analytical queries [B)JS23a; BJS23c; BJS23b; Lim+23];
either per-query or permanent offloading (constant data)

- Middle ground: semi-permanent offloading
(several consecutive queries on data residing in UPMEM)

semi-permanent| col A| col A| col B| col B| col B| col C| col D| col D
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UPMEM PIM in Database Systems

* Kernels can be > 100x faster than CPU, but high overhead

« (Partial) offloading of analytical queries [B)JS23a; BJS23c; BJS23b; Lim+23];
either per-query or permanent offloading (constant data)

- Middle ground: semi-permanent offloading
(several consecutive queries on data residing in UPMEM)

+ Generic approach for identifying UPMEM-compatible workloads:

- Determine break-even point: #queries where NMC outperforms CPU

#DPUS)

- Variable operators, #queries, #rows, #cores, #ranks (= ~;
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Approach: Performance Comparison

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules
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Approach: Performance Comparison

Tnmclop, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules
NMC configuration space: 100 (1...100 queries)
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Approach: Performance Comparison

Tnmc(op, #queries, - rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules
NMC configuration space: 100 - 16 (2'°...2% rows)
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Approach: Performance Comparison

Tnmc(op, #queries, #rows, # ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules
NMC configuration space: 100 - 16 - 40 (1. ..40 ranks)
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Approach: Performance Comparison

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules

NMC configuration space: 100 - 16 - 40 = 64000 per operation
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Approach: Performance Models

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules
NMC configuration space: 100 - 16 - 40 = 64000 per operation
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Approach: Performance-Aware Behaviour Models

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules

NMC configuration space: 100 - 16 - 40 = 64000 per operation

Tcpulop, #queries, #rows, #cores)
[CPU] runKernel

O O
TNMC] alloc [NMC] readResult

T (#ranks) T (#rows, #£ranks)
() S ) ()

[NMC] WriteData\/[NMC] IoadKern;I\’fNMC] WriteQuery\/[NMC] runKernel

T (#rows, #£ranks) T (#ranks) = writeData T (op, #rows, #£ranks)
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Approach: Performance-Aware Behaviour Models

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules

NMC configuration space: 100 - 16 - 40 = 64000 per operation

Tcpulop, #queries, #rows, #cores)
[CPU] runKernel

‘N O
TNMC] alloc [NMC] readResult

T(#ranks) T(4trows, #ranks)

O @ ) )
[NMC] writeData —[NMC(] IoadKern;I\’fNMC] writeQuery~ [NMC] runKernel
T (#rows, #£ranks) T (#ranks) = writeData T (op, #£rows, #-ranks)

NMC configuration space: 40 + 16 - 40 + 40 + 16 - 40 > 1360 per operation
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Approach: Performance-Aware Behaviour Models

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules

NMC configuration space: 100 - 16 - 40 = 64000 per operation

Tcpulop, #queries, #rows, #cores)
[CPU] runKernel

‘N O
TNMC] alloc [NMC] readResult

T(#ranks) T(4trows, #ranks)

O 2 N )
[NMC] WriteData\/[NMC] IoadKern;I\’fNMC] WriteQuery\/[Nl\/IC] runKernel
T (#rows, #£ranks) T (#ranks) = writeData T (op, #rows, #ranks)

NMC configuration space: 40 + 16 - 40 + 40 + 16 - 40 > 1360 per operation
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Approach: Performance-Aware Behaviour Models

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules

NMC configuration space: 100 - 16 - 40 = 64000 per operation

Tcpulop, #queries, #rows, #cores)
[CPU] runKernel

()

[NMC] alloc
T (#ranks)

eadResult
T (#rows, #ranks)

‘) ‘N
O[NMC] WriteData\/[NMC] IoadKern;I\’fNMC] WriteQuery\/[NMC] runKernel
T (#rows, #£ranks) T (#ranks) = writeData T (op, #£rows, #-ranks)

NMC configuration space: 40 + 16 - 40 + 40 + 16 - 40 > 1360 per operation
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Approach: Performance-Aware Behaviour Models

Tnmc(op, #queries, #rows, #ranks) < Tcpy(op, #queries, #rows, #cores)
= offload to UPMEM PIM modules
NMC configuration space: 100 - 16 - 40 = 64000 per operation

Tcpulop, #queries, #rows, #cores)
[CPU] runKernel

()

[NMC] alloc
T (#ranks)

~
[NMC] writeData —[NMC] loadKernel—NMC(] WriteQuery\/[NMC] runKernel
T (#rows, #£ranks) T (#ranks) = writeData T (op, #£rows, #-ranks)

eadResult
T (#rows, #ranks)

NMC configuration space: 40 + 16 - 40 + 40 + 16 - 40 > 1360 per operation
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Determining the Break-Even Point

Setup:

¢ Benchmarks - models for NMC alloc, load kernel, write data, read data

+ Benchmarks - models for CPU/NMC kernel latency:
- SELECT COUNT(x) FROM col (uint64) WHERE predicate » uint64
- SELECT * FROM col (uint64) WHERE predicate - bitmask
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Determining the Break-Even Point

Setup:
¢ Benchmarks - models for NMC alloc, load kernel, write data, read data

+ Benchmarks - models for CPU/NMC kernel latency:
- SELECT COUNT(x) FROM col (uint64) WHERE predicate » uint64
- SELECT * FROM col (uint64) WHERE predicate - bitmask

* Model-based simulation - total latency for CPU/NMC execution
CPU: #queries x runKernel()

NMC: alloc(); writeData(); loadKernel();
#queries x { writeQuery(); runKernel(); readResult(); }
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Performance Models: Kernels

COUNT SELECT
CPU (10) 4.5NSs + 2.2 ns - #rows CPU (10Q) 0.0Nns + 2.0 ns - #rows
CPU (=40) 0.9Nns + 0.5 ns - #rows CPU (=40) 4.8Nns + 0.6 ns - #rows
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Performance Models: Kernels

COUNT SELECT
CPU (10) 4.5Nns + 2.2 ns - #rows CPU (10Q) 0.0Nns + 2.0 ns - #rows
CPU (=40) 0.9Nns + 0.5 ns - #rows CPU (=40) 4.8Nns + 0.6 ns - #rows
NMC 242 pis + 0.53 s - 1-72% NMC 203 s + 0.66 ns - 720
#ranks #ranks
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Performance Models: Kernels

COUNT SELECT
CPU (10) 4.5Nns + 2.2 ns - #rows CPU (10Q) 0.0Nns + 2.0 ns - #rows
CPU (z40) 0.9Nns + 0.5 ns - #rows CPU (z40) 4.8Nns + 0.6 ns - #rows
#rows #rows
NMC 242 . . NMC 2 ) .
C MS +0.53 ns Lranks C 203 ps +0.66 ns Sranks
w2 7 w20 *
z z
Sl f 5l f
O0 1 2 3 4 00 1 2 4
# Rows # Rows
109 10°
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Performance Models: UPMEM Overhead

600
400

alloc [ms]

birte.friesel@uos.de
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Performance Models: UPMEM Overhead
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Performance Models: UPMEM Overhead
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Performance Models: UPMEM Overhead
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Simulation Results: COUNT (1 CPU Core)

# Table Rows

birte.friesel@uos.de

# consecutive queries needed for UPMEM latency < CPU latency

1 1 2
2 2 2
3 3 4

1

1

1

1

PME!

Ran|

# UPMEM
Feasibility Analysis of Semi-Permanent Datalgase Offloading to UPMEM NMC Modules




Simulation Results: COUNT (1 CPU Core)

UPMEM faster than CPU for > 2% elements

Table Rows
N
R
N
N
N
N
N
N
N
N
w
w
w
w
w
w
»~
»~
S
B
B

256 MIB#»225 1+ 1+ 2 2 2 2 2 2 3 3 3 3 4 4 4 5 5 5 6 6 6 7 7 7 8
24 2 2 2 3 3 3 4 4 4 5 5 6 7 7 8 9 9 10 11 11 12 13 13 14 15
223 3
222 5
221 9

220 20

# UPMEM R
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Simulation Results: COUNT (1 CPU Core)

32 -

N More ranks = better performance (alloc overhead)

230 -

229 - 1. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
228 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2
227 17 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2
226 1 1 1 1 1 1 2 2 2 2 2 2 2 2 3 3 3 3 3 3 4 4 4 4 4
2566 MiB®25 1+ 1 2 2 2 2 2 2 3 3 3 3 4 4 4 5 5 5 6 6 6 7 7 7 8

224 2 2 2 3 3 3 4 4 4 5 5] 6 7 7 8 9 9 10 11 11 12 13 13 14 15

Table Rows

223 3
222 5
221 9
220 20
1
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Simulation Results: COUNT (4 CPU Cores)

# consecutive queries needed for UPMEM latency < CPU latency

23 - - - - - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
20 - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
29 - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3

# Table Rows
%
[}
»~
S
»~
»
IS
N
»~
o)
o
v
o
~N
~
=<
0o
o
o
5
5
I~
N
©
©

# UPMEM R
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Simulation Results: COUNT (4 CPU Cores)

# consecutive queries needed for UPMEM latency < CPU latency

23 - - - - - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
20 - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
29 - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3

# Table Rows
%
[}
»~
S
»~
»
IS
»~
»~
o)
o
v
o
~N
~
=<
0o
o
o
5
5
I~
N
©
©

1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

# UPMEM R
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Simulation Results: COUNT (4 CPU Cores)

# consecutive queries needed for UPMEM latency < CPU latency

23 - - - - - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
20 - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
29 - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3

# Table Rows
%
[}
»~
S
»~
»
IS
»~
»~
o)
o
v
o
~N
~
=<
0o
o
o
5
5
I~
IN]
©
©

More ranks s better performance (alloc overhead)

Less ranks 5 better performance (kernel latency)

1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

# UPMEM R
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Simulation Results: SELECT (1 CPU Core)

# consecutive queries needed for UPMEM latency < CPU latency
23 - - - - - - - - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 - - - - "1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

# Table Rows

# UPMEM Ranks
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Simulation Results: SELECT (1 CPU Core)

# consecutive queries needed for UPMEM latency < CPU latency
23 - - - - - - - - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 - - - - "1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

# Table Rows

# UPMEM Ranks

* More complex —»> 228 rows (2 GiB) needed
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Simulation Results: SELECT (1 CPU Core)

# consecutive queries needed for UPMEM latency < CPU latency
23 - - - - - - - - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 - - - - "1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

20 - - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

# Table Rows

# UPMEM Ranks

* More complex —»> 228 rows (2 GiB) needed

+ Sweet spot for #ranks: neither min nor max (=2 COUNT)
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Simulation Results: SELECT (4 CPU Cores)

# consecutive queries needed for UPMEM latency < CPU latency
23 - - - - - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

231 - - - - 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

# Table Rows

# UPMEM Ranks
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Simulation Results: SELECT (4 CPU Cores)

# consecutive queries needed for UPMEM latency < CPU latency

# Table Rows

# UPMEM Ranks

* At least 2 consecutive queries required (= COUNT)

+ Sweet spot for #ranks: neither min nor max (=2 COUNT)
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Validation of Simulation Results

COUNT Validation - simulated break-even point vs. real-world break-even point
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Validation of Simulation Results

COUNT Validation - simulated break-even point vs. real-world break-even point
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Low error, mostly in range of measurement uncertainty
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Conclusion

+ Offloading to UPMEM sensible for
- simple kernels with a good chance of serving consecutive queries

- on medium to large database columns (COUNT > 256 MiB / SELECT > 2 GiB)
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- simple kernels with a good chance of serving consecutive queries

- on medium to large database columns (COUNT > 256 MiB / SELECT > 2 GiB)
* Analysis feasible thanks to performance-aware behaviour models

- Manageable configuration space thanks to model decomposition

[CPU] runKernel

@ 2
WJ[NMC] alloc [NMC] readResult
®

@) (5) ® 7
[NMC] WriteData\/fNMC] IoadKernMNMC] writeQuery—[NMC] runKernel
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- simple kernels with a good chance of serving consecutive queries

- on medium to large database columns (COUNT > 256 MiB / SELECT > 2 GiB)
* Analysis feasible thanks to performance-aware behaviour models

- Manageable configuration space thanks to model decomposition

- Performance models give background for interpreting results

- SDK or kernel changes — only repeat corresponding benchmarks
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Conclusion

+ Offloading to UPMEM sensible for

- simple kernels with a good chance of serving consecutive queries

- on medium to large database columns (COUNT > 256 MiB / SELECT > 2 GiB)
* Analysis feasible thanks to performance-aware behaviour models

- Manageable configuration space thanks to model decomposition

- Performance models give background for interpreting results

- SDK or kernel changes — only repeat corresponding benchmarks

* Artifacts and source code referenced in the paper
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