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Motivation: Modern Hardware
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Scheduling Algorithms

Tasks — Scheduler Placement
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Scheduling Algorithms

Tasks — Scheduler Placement

 Linux: threads » CPU cores

- Data placement: manually (e.g. libnuma) or automatic NUMA balancing
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Scheduling Algorithms

Tasks — Scheduler Placement

* Linux: threads ~» CPU cores
- Data placement: manually (e.g. libnuma) or automatic NUMA balancing
* Generic: tasks, data » compute units, memory pools

- Offline placement: workload known in advance
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Scheduling Algorithms

Tasks — Scheduler Placement

* Linux: threads ~» CPU cores
- Data placement: manually (e.g. libnuma) or automatic NUMA balancing
* Generic: tasks, data » compute units, memory pools

- Offline placement: workload known in advance

+ Wide-spread algorithm: HEFT
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HEFT: Heterogeneous Earliest Finish Time

+ State of the art for the past 24 years [THW02; Bad+24]
* Input: workload as directed acyclic graph (DAG)

Example (SQL COUNT(...) WHERE ... Query with 2 Threads)
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+ State of the art for the past 24 years [THW02; Bad+24]
* Input: workload as directed acyclic graph (DAG)

Example (SQL COUNT(...) WHERE ... Query with 2 Threads)

+ Single start and end node
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HEFT: Heterogeneous Earliest Finish Time

+ State of the art for the past 24 years [THWO02; Bad+24]
* Input: workload as directed acyclic graph (DAG)

Example (SQL COUNT(...) WHERE ... Query with 2 Threads)
2Gip @ 3B
+ Single start and end node

* Each inner node = task (non-preemptible compute kernel)
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HEFT: Heterogeneous Earliest Finish Time

+ State of the art for the past 24 years [THW02; Bad+24]
* Input: workload as directed acyclic graph (DAG)

Example (SQL COUNT(...) WHERE ... Query with 2 Threads)
LGB @ - Edge E = dependency

: : : 8B
ZGiB @

3B

* Single start and end node

* Each inner node = task (non-preemptible compute kernel)

marcel.luetkedreimann@uos.de Towards Task-Based Scheduling on Truly Heterogeneous Systems



HEFT: Heterogeneous Earliest Finish Time

+ State of the art for the past 24 years [THWO02; Bad+24]
* Input: workload as directed acyclic graph (DAG)

Example (SQL COUNT(...) WHERE ... Query with 2 Threads)
Edge E = dependency
Data transfer D : E - Ny

* Single start and end node

* Each inner node = task (non-preemptible compute kernel)
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HEFT: Heterogeneous Earliest Finish Time

+ State of the art for the past 24 years [THWO02; Bad+24]
* Input: workload as directed acyclic graph (DAG)

Example (SQL COUNT(...) WHERE ... Query with 2 Threads)
Edge E = dependency

Data transfer D : E - Ny
Task latency W : V x C - Ryg

* Single start and end node

* Each inner node = task (non-preemptible compute kernel)

+ Task latency depends on placement (compute units C)

marcel.luetkedreimann@uos.de Towards Task-Based Scheduling on Truly Heterogeneous Systems B



HEFT: Hardware / Platform Model

Compute 0
Compute 1

Compute 2

+ Compute unit = CPU core, GPU, FPGA, (individual HPC server), ...
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HEFT: Hardware / Platform Model

Compute 0 Memory 0

Compute 1 Memory 1

Compute 2 Memory 2

+ Compute unit = CPU core, GPU, FPGA, (individual HPC server), ...

* One memory pool for each compute unit
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HEFT: Hardware / Platform Model

Compute 2 Memory 2

+ Compute unit = CPU core, GPU, FPGA, (individual HPC server), ...

* One memory pool for each compute unit

* Fully-connected mesh between memory pools
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HEFT: Hardware / Platform Model

T...ns;...GiB/s
Compute 1 Memory 1 .
l...ns; ... GiB/s

Compute 2 Memory 2

+ Compute unit = CPU core, GPU, FPGA, (individual HPC server), ...

* One memory pool for each compute unit

* Fully-connected mesh between memory pools

- Annotated with startup latency and throughput — data transfer latency
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HEFT: Hardware / Platform Model

Compute 2

Memory 0

1T...ns; ... GiB/s
l...ns;...GiB/s

Memory 1

Memory 2

+ Compute unit = CPU core, GPU, FPGA, (individual HPC server), ...

* One memory pool for each compute unit
* Fully-connected mesh between memory pools
- Annotated with startup latency and throughput — data transfer latency

+ Tasks always use local data
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HEFT: Data Transfer

Example

* All predecessors on same core: input data already availalable

Compute 0 {— = [ ™
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HEFT: Data Transfer

Example

* All predecessors on same core: input data already availalable

Compute 0 {— = [ ™

size )

* Predecessor on non-local core - data transfer (startup latency + fhroughput

Compute 0
Compute 1

Mesh {i-0}
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HEFT: Task Execution Model

+ Assumption: data transfer in background
- Compute units can execute tasks during data transfer

- No contention between concurrent data transfers
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HEFT: Task Execution Model

+ Assumption: data transfer in background
- Compute units can execute tasks during data transfer

- No contention between concurrent data transfers

— Total task-specific latency: data transfer (if needed) + execution

Task — blocked (input data transfer) ) execution —
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HEFT: Task Execution Model

« Assumption: data transfer in background
- Compute units can execute tasks during data transfer

- No contention between concurrent data transfers

— Total task-specific latency: data transfer (if needed) + execution

Task — blocked (input data transfer) ) execution —

+ Data transfer latency « placement of predecessors, data size (task graph)

+ Task execution latency « placement of task
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The Real World: Hardware Platform

Real Hardware

| DRAM MC |— CPU 2 . .
* Multiple local memories per compute unit
HBM ay
sl cPU
‘ DRAM MC }— CPU
HEFT

‘ Compute 0 }—*Memory 0
‘ Compute 1 }—*Memory1
‘ Compute 2 }—*Memory 2

marcel.luetkedreimann@uos.de Towards Task-Based Scheduling on Truly Heterogeneous Systems 7




The Real World: Hardware Platform

Real Hardware

| DRAM MC l— CPU 2 . .
* Multiple local memories per compute unit
HBM ary

* Multiple compute units per memory

sl cPU
‘ DRAM MC k cPU
HEFT

‘ Compute OH Memory 0
‘ Compute 1H Memory 1
‘ Compute ZH Memory 2
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The Real World: Hardware Platform

Real Hardware

‘ DRAM MC l— CPU q g .
* Multiple local memories per compute unit
CPU

HBM

* Multiple compute units per memory

HBM CPU

| DRAM MC '— CPU

HEFT

‘ Compute 0 }—{ Memory 0
‘ Compute 1 }—{ Memory 1
‘ Compute 2 }—{ Memory 2
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The Real World: Hardware Platform

Real Hardware

‘ DRAM MC }— CPU q g .
* Multiple local memories per compute unit
HBM CPU
* Multiple compute units per memory
[RIERS CcPU
+ Tasks can access (some) remote memory
‘ DRAM MC }— CPU

* These challenges are not just theoretical in nature [FLS24]

o | [ 4 | e [ ] ]
0.1 1 10 0.1 1 10
Speedup (log): remote vs. local DRAM Speedup (log): HBM vs. DRAM
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The Real World: Application

Real Hardware

CPU
core
CPU
core

CPU
core
CPU
core

HEFT

CPU
% core
’

S
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« Task granularity is different for compute units
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The Real World: Application

Real Hardware

cPUTcRy « Task granularity is different for compute units
core | core + Some compute units require setup tasks
§ Task —{ setup @ CPU ) data transfer to GPU] execution @ GPU }—
ery - FPGA: reconfiguration
HEFT - GPU: binary compilation and upload
@ - NMC: allocation and binary upload

’

S

marcel.luetkedreimann@uos.de Towards Task-Based Scheduling on Truly Heterogeneous Systems 8

GPU



The Real World: Application

Real Hardware

cPU[cPU + Task granularity is different for compute units
core core
core | core + Some compute units require setup tasks
§ Task —{ setup @ CPU Jdata transfer to GPU) execution @ GPU }—
ery - FPGA: reconfiguration
HEFT - GPU: binary compilation and upload
E - NMC: allocation and binary upload
core
% - |s HEFT still appropriate for today’s server

% hardware?
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Task-Based Scheduling in the Literature

* HEFT: published 24 years ago [THWO02], still state of the art [Bad+24]

* More than 4,500 citations; hundreds of proposed adaptations / extensions
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Task-Based Scheduling in the Literature

* HEFT: published 24 years ago [THWO02], still state of the art [Bad+24]
* More than 4,500 citations; hundreds of proposed adaptations / extensions
Literature review: four clusters
@ Algorithm improvements (identical task / platform model) [Hol+25]
(2 Additional optimization goals [Hos+23; Wu+25]
©) Adaptation for specialized use cases [Ben+18]

@ No task graphs [Das+20; DeL+22; LU17]
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Task-Based Scheduling in the Literature

* HEFT: published 24 years ago [THWO02], still state of the art [Bad+24]
* More than 4,500 citations; hundreds of proposed adaptations / extensions
Literature review: four clusters
@ Algorithm improvements (identical task / platform model) [Hol+25]
(2 Additional optimization goals [Hos+23; Wu+25]
©) Adaptation for specialized use cases [Ben+18]

@ No task graphs [Das+20; DeL+22; LU17]
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Additional Optimization Goals: Examples

* HEFT goal: minimize makespan (workload latency) [THW02]
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Additional Optimization Goals: Examples

* HEFT goal: minimize makespan (workload latency) [THW02]

* Dynamic Voltage and Frequency Scaling [Che+22; Zha+17]
- Task latency oc CPU frequency

- Scheduling under energy constraints / minimize energy usage
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Additional Optimization Goals: Examples

* HEFT goal: minimize makespan (workload latency) [THW02]
* Dynamic Voltage and Frequency Scaling [Che+22; Zha+17]

- Task latency oc CPU frequency

- Scheduling under energy constraints / minimize energy usage
* Cloud computing / federated clouds [|B19; PJ15]

- Goal: minimize (financial) cost of task execution
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Additional Optimization Goals: Examples

* HEFT goal: minimize makespan (workload latency) [THW02]
* Dynamic Voltage and Frequency Scaling [Che+22; Zha+17]

- Task latency oc CPU frequency

- Scheduling under energy constraints / minimize energy usage
* Cloud computing / federated clouds [|B19; PJ15]

- Goal: minimize (financial) cost of task execution

- Only minor extensions to task / platform model
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HEFT Extensions: Example

+ “[...] Workflows on High-Bandwidth Memory Architectures” [Ben+18]

Platform Model

CPU

‘ DRAM / CPU \ HBM‘
~—

CPU
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HEFT Extensions: Example

+ “[...] Workflows on High-Bandwidth Memory Architectures” [Ben+18]

Platform Model + Distinct DRAM / HBM with finite capacity

CPU

‘ DRAM / CPU \ HBM‘
~—

CPU
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HEFT Extensions: Example

+ “[...] Workflows on High-Bandwidth Memory Architectures” [Ben+18]

Platform Model + Distinct DRAM / HBM with finite capacity

cPU * Fine-granular data placement

‘ DRAM / CPU \ HBM‘
~—

- Individual data blocks, not entire objects

CPU

- Contention-aware
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HEFT Extensions: Example

+ “[...] Workflows on High-Bandwidth Memory Architectures” [Ben+18]

Platform Model + Distinct DRAM / HBM with finite capacity

cPU * Fine-granular data placement

‘ DRAM / CPU \ HBM‘
~—

- Individual data blocks, not entire objects

cPU - Contention-aware

+ Data access: continuous streams

Task —{_execution (continuous data access) }—
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HEFT Extensions: Example

+ “[...] Workflows on High-Bandwidth Memory Architectures” [Ben+18]

Platform Model + Distinct DRAM / HBM with finite capacity

cPU * Fine-granular data placement

‘ DRAM / CPU \ HBM‘
~—

- Individual data blocks, not entire objects

CPU

- Contention-aware

+ Data access: continuous streams

Task —{_execution (continuous data access) }—

* Just two memories; no support for NUMA, CXL, GPUs, FPGAs, NMC, ...
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Proposed Platform Model

HEFT

« Compute = memory (1:1 map)

1

s \
oy + Compute: only local memory

(s

o * Memory: mesh topology
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Proposed Platform Model

DDR RAM NMC RAM
CPU Core ‘ Compute 1 Memory 1 %——‘ Memory ... H Compute. ... ‘ DPU
! S>>0
CPU Core ‘ Compute ... Memory ... %”‘ Memory m H Compute n ‘ GPU
HBM RAM HBM RAM

* Independent sets of compute units and memories
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Proposed Platform Model

DDR RAM NMC RAM
CPU Core ‘ Compute 1 Memory 1 %— - Memory H Compute .. ‘ DPU
‘ ~_ -
CPU Core ‘ Compute ... Memory .. %”‘ Memory m H Compute n ‘ GPU
HBM RAM HBM RAM

* Independent sets of compute units and memories

* Memory: no mesh topology (e.g. GPU & DRAM & NMC RAM)
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Proposed Platform Model

DDR RAM NMC RAM
CPU Core ‘ Compute 1 Memory 1 %——‘ Memory ... H Compute. ... ‘ DPU
! S>>0
CPU Core ‘ Compute ... Memory ... %”‘ Memory m H Compute n ‘ GPU
HBM RAM HBM RAM

* Independent sets of compute units and memories
* Memory: no mesh topology (e.g. GPU & DRAM & NMC RAM)

* Fine-grained compute & memory access (e.g. CPU vs. dedicated GPU)
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Proposed Platform Model

DDR RAM NMC RAM
CPU Core | Compute 1 Memory 1 P——‘ Memory ... H Compute. ... ‘ DPU
; . L
! 2o
CPU Core ‘ Compute ... Memory ... Pﬂ‘ Memory m H Compute n ‘ GPU
HBM RAM HBM RAM

* Independent sets of compute units and memories
* Memory: no mesh topology (e.g. GPU & DRAM & NMC RAM)

* Fine-grained compute & memory access (e.g. CPU vs. dedicated GPU)
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Proposed Platform Model

DDR RAM NMC RAM
CPU Core ‘ Compute 1 Memory 1 %——‘ Memory ... H Compute. ... ‘ DPU
| ==
CPU Core ‘ Compute ... Memory ... %~| Memory m H Compute n | GPU
HBM RAM HBM RAM

* Independent sets of compute units and memories
* Memory: no mesh topology (e.g. GPU & DRAM & NMC RAM)

* Fine-grained compute & memory access (e.g. CPU vs. dedicated GPU)
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Proposed Platform Model

DDR RAM NMC RAM
CPU Core ‘ Compute 1 Memory 1 %——‘ Memory ... H Compute. ... ‘ DPU
! S>>0
CPU Core ‘ Compute ... Memory ... %”‘ Memory m H Compute n ‘ GPU
HBM RAM HBM RAM

Independent sets of compute units and memories
* Memory: no mesh topology (e.g. GPU & DRAM & NMC RAM)

* Fine-grained compute & memory access (e.g. CPU vs. dedicated GPU)
* Challenge: model / makespan accuracy vs. algorithmic complexity

- No contention or block-wise data operations (yet)
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Proposed Application Model (1): Prim SEL [FLS23]

INIT

Con

[cpu
« Each node has an implementation for a ~—

. (10)
subset of compute units
FILTER/COMPRESS

@ GPU) INMC

(10, 10)

PRINT

(CPU
~ @
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Proposed Application Model (1): Prim SEL [FLS23]

INIT

Con

(CPU

« Each node has an implementation for a ~—

. (10)
subset of compute units
FILTER/COMPRESS

* Instead of fixed data size, edges have a set
of data object sizes @ GPU, INMC

- Improves the accuracy if many small data (20, 10)
objects are shared PRINT
(cPu

~ @@
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Proposed Application Model (2): Prim SEL [FLS23]

FILTER/
COMPRESS

+ Define a subgraph for each compute unit By
CPU GPU NMC
- Accelerator-specific task granularity
@ 3) ® (10) (10)
‘ \ \ \ \ \ \:/S\\ s
¢ (10) '#10, 10
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Proposed Application Model (2): Prim SEL [FLS23]

+ Define a subgraph for each compute unit
- Accelerator-specific task granularity

- Setup can be represented and scheduled
on appropriate compute unit
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+ Define a subgraph for each compute unit

Proposed Application Model (2): Prim SEL [FLS23]

FILTER/
COMPRESS

X

- Accelerator-specific task granularity

- Setup can be represented and scheduled
on appropriate compute unit

- Accelerator-specific follow-up tasks

GPU

(10)

(s
\__/
)

¢ (10

(10, 10

(10, 10

(10, 10
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HEFT Limitations: Example

¢ Prim SEL on a server with 88 threads and 2500 DPUs

* HEFT decides for NMC based on compute power and transfer time
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HEFT Limitations: Example

* Prim SEL on a server with 88 threads and 2500 DPUs
* HEFT decides for NMC based on compute power and transfer time

¢ Measurement of total execution time:

NMC x [}

CPU H oo
X HEFT prediction

0 10 20 30 40 50 60 70
Total Execution Time [s]
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HEFT Limitations: Example

* Prim SEL on a server with 88 threads and 2500 DPUs
« HEFT decides for NMC based on compute power and transfer time

¢ Measurement of total execution time:

NMC x [}

CPU H oo
X HEFT prediction

0 10 20 30 40 50 60 70
Total Execution Time [s]

= HEFT decision not optimal because of setup, follow-up and bandwidth r/w
difference
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Conclusion

HEFT's assumptions do not hold anymore for today’s server hardware

Update of platform and task model is overdue

* Proposed solutions
- Subgraphs in DAGs

- Extended platform model

* Open question: Overhead of more complex model
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