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Agenda
• HPC Accelerated Era 

• GPUs 

• Concurrent Kernel Execution 

• improve concurrency opportunities 

• order of submission 

• kernel characterization 

• kernel interference 

• preemption
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Would you have predicted that about 10 
years ago many of our top HPC systems 

would be GPU 

The Coming Age of Extreme Heterogeneity - Jeffrey S. Vetter
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How did we get here?
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HPC Jurrasic Era

1970 1980 1990 2000 2010 2020

Megascale

Gigascale

Terascale

Petascale

Exascale
Mainframes 
Vector Computers 
Proprietary Hardware
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“Attack of the Killer Micros”
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HPC Distributed Era

1970 1980 1990 2000 2010 2020

Megascale

Gigascale

Terascale

Petascale

Exascale
Distributed 
General Purpose 
Multiple Cores
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Challenges and Opportunities for Extreme-Scale Computing, Michael Schulte 
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HPC Accelerated Era

1970 1980 1990 2000 2010 2020

Megascale

Gigascale

Terascale

Petascale

Exascale
Accelerators 
Specialization 
Multicore
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HPC Acceletared Era
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Specialization
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Heterogeneous Systems 

CPU Host

Memory 

FPGA GPU TPU

• HPC systems are 
becoming more 
heterogeneous 

• Improve 
performance and 
power efficiency
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Industry is investing…
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Why GPUs?
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Compared to CPUs

• higher parallelism 
• higher memory bandwidth 
• no operating system 
• restricted execution model
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Compared to CPUs
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Throughput Power Throughput/Power

Intel Skylake 4.5 TFLOPS 205 Watts 21.9 GFLOPS/Watt

NVIDIA V100 14.9 TFLOPS 300 Watts 49.6 GFLOPS/Watt

Compared to CPUs
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Covid-19 efforts
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Inside a GPU
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Architecture

…

DRAM

SM SM SM SM SM SM

compartmentalized

GPU
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Execution Model

…

GPU

Kernel

…

Block
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Along the years…

GPU hardware resources have grown considerably

Volta (2017)Maxwell (2014) Pascal (2016)
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Can one kernel fully utilize all 
these resources?
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Resource Underutilization

Pai, Sreepathi, Matthew J. Thazhuthaveetil, and Ramaswamy Govindarajan (2013). "Improving GPGPU 
concurrency with elastic kernels." ASPLOS 2013: 407-418.
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Resource Underutilization

Use less resources     spend less energy?
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Resource Underutilization

Use less resources     spend less energy?

GPUs are not energy proportional 

Power consumption does not reduce linearly with 
load reduction
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Highly inefficient to underutilize the GPU
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Concurrent Kernel Execution
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Co-scheduling

Hyper-Q technologySingle kernel

Improve resource utilization
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Co-scheduling

Improve throughput

time

100%

kernel 1 kernel 2
kernel 3

kernel 4

time

100%

kernel 1

kernel 2

kernel 3

kernel 4

Single kernel

Concurrent kernel
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Co-scheduling

• GPUs do not have an operating system 

• Scheduling is performed by the hardware 

• Left-over scheduling policy
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Letf-over Policy

…

GPU

Kernel 1
…

Kernel 2
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Letf-over Policy

…

GPU

Kernel 1
…

Kernel 2
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Letf-over Policy

…

GPU

Kernel 1
…

Kernel 2
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Letf-over Policy

…

GPU

…

Kernel 2

Kernel 1
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Letf-over Policy
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Letf-over Policy
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Letf-over Policy

…

GPU

Kernel 1
…

Kernel 2
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Problems

• Priority to the first kernel 

• Order of submission matters
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Problems

time
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Therefore…

• Co-scheduling naively may result in almost no 
performance improvement  

• Performance mainly depends on how the 
kernels require the resources
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Main research topics on 
Concurrent Kernel Execution
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1. Improving concurrency 
opportunities
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Spatial multitasking

• Avoid Left-over first 
kernel prioritization  

• Split SMs into groups 

• Each group of SMs runs 
a different kernel

…

GPU

…
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Spatial Multitasking

Does not address 
underutilisation 
within SM

Adriaens, Jacob T., et al. "The case for GPGPU spatial multitasking." IEEE 
International Symposium on High-Performance Comp Architecture. IEEE, 2012. 

Average speedup of spatial multitasking over cooperative 
multitasking for several SM partitioning heuristics. 
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Changing block granularity

• Hardware maps blocks 
to SMs in Round-robin 

• Resources are available 
in smaller chunk

Kernel 1

Kernel 2

…
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Changing block granularity

Kernel 1

Kernel 2

…

GPU
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Changing block granularity

Kernel 1

Kernel 2

…

GPU

Kernel Slicing
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Changing block granularity

Kernel 1

Kernel 2

…

GPU
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Changing block granularity

Change 
application code 

Zhong, Jianlong, and Bingsheng He. "Kernelet: High-throughput GPU kernel 
executions with dynamic slicing and scheduling." IEEE Transactions on Parallel 
and Distributed Systems 25.6 (2013): 1522-1532.
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2. Dealing with submission order 
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Submission order
• Optimization strategy to determine the best 

order to submit the kernels 

• Model as a series of knapsack problems - items 
to put on a knapsack that maximize the profit 
without exceeding the capacity 

• Knapsack capacity = Available resources  

• Items = Kernels
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Submission order
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Submission order

Cruz, R. A., Bentes, C., Breder, B., Vasconcellos, E., Clua, E., de Carvalho, P. M., & Drummond, L. M. (2019). Maximizing the 
GPU resource usage by reordering concurrent kernels submission. Concurrency and Computation: Practice and Experience, 
31(18), e4409.
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3. Which kernels are most appropriate 
to be launched concurrently?
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Kernel Characterization
• Analyze the individual behaviour of the kernels 

in terms of resource usage 

• Kernel profiling (nvprof) 

• Guide decisions on more efficient concurrent 
execution 

• Classify the kernels with similar characteristics in 
terms of resource usage from Parboil, SHOC 
and Rodinia
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Kernel Characterization
• Resource requirements: integer, single and 

double precision floating point operations, SM 
efficiency, GPU occupancy and memory 
operations  

• Principal Component Analysis (PCA) statistical 
method for reducing dimensionality  

• K-means clustering for creating the groups
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Kernel Characterization

Carvalho, P., Cruz, R., Drummond, L. M., Bentes, C., Clua, E., Cataldo, E., & Marzulo, L. A. (2020). 
Kernel concurrency opportunities based on GPU benchmarks characterization. Cluster 
Computing, 23(1), 177-188.

• G1: small kernels 

• G2: arithmetic 
intensive 

• G3: medium 
kernels 

• G4: low 
occupancy
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Co-scheduling
• Effects of the concurrent execution of the 

kernels from the different groups 

• Execute concurrently a sample of pairs of 
kernels from different groups
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Co-scheduling

• Kernels with heavy requirements on one 
resource may prevent concurrent execution 

• Synchronization or global memory access time 
can make the other kernel dominate the SM 

• Inconclusive results
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4. Kernels interference
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Kernel interference
• Kernel resource requirements relations are tricky 

• Machine learning techniques to model and 
predict concurrency and interference
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Kernel Interference
• Selected 60 kernels (15 representative kernels 

from each category) and executed all possible 
3,600 permutations 

• Resource variables for each kernel: blocks per 
grid, threads per block, number of registers and 
shared memory  

• Variables selected are exposed to the 
developer before the kernel execution
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Kernel Interference
Concurrency

P100 RTX-2080

Concurrency Interference
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Kernel Interference
Concurrency

P100 RTX-2080
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Kernel Interference
Interference

P100 RTX-2080
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5. Dealing with preemption in co-
scheduling
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Preemption

• Modern GPUs provide hardware preemption 

• Coarse-grain (thread level) - reduces the 
amount of context to be saved 

• Fine-grain (instruction level) - substantially more  
state  information
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Preemption

time

100%

kernel 1

kernel 2

kernel 3

kernel 4

arrivals
1 2

3
4

time

100%

kernel 1kernel 1

without 
preemption

with 
preemption

improve 
responsiveness

kernel 2

kernel 3

kernel 4
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Preemption
• Linear Programming solve optimally preemptive 

co-scheduling minimizing makespan 

• Optimal solution produces a co-execution graph 

• Graph-based Caterpillar algorithm to reduce 
the number of preemptions
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Preemption

Concurrency:  20 
to 30% reduction 

Preemption: 
further 10 to12% 
reduction

Eyraud-Dubois, L.and Bentes, C.,(2020). Algorithms for Preemptive Co-scheduling of Kernels on 
GPUs. Submitted to HiPC.
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Concluding
• New era of heterogeneous architecture  

• AI Big bang - GPUs play a fundamental role   

• Exploit GPU to the fullest - concurrent kernel execution 

• Hardware support still rudimentary 

• Co-scheduling is challenging 

• GPU virtualization - more competition and need for 
preemption
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Thank you
cris@eng.uerj.br

mailto:cris@eng.uerj.br


Escola Supercomputador SDumont - janeiro 2021



Escola Supercomputador SDumont - janeiro 2021

Specialization
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Kernel interference

• The number of blocks per grid is the most relevant 
feature to define if the kernels will execute concurrently  

• The second most important feature depends on the 
GPU architecture: 

• For the GPU with more resources - the number of 
registers 

• For the GPU with less SM resources,  but the same 
amount of registers - the number of threads per block


