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Overview

• Many-integrated-core (MIC) architectures 
• Intel Xeon Phi Knights Landing processors 
• MIC-equipped supercomputers 

• Atlas multi-threaded simulation 
• Design and parallelism 

• Performance measurements 
• Throughput and memory scaling 
• CPU profiling studies
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Thanks to NERSC and Intel for providing 
KNL machines to test our code on!



Setting the stage

• We’re now deep into the multi-core era 
• Computer processor devices of today continue to push the 

limits of parallelization
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Setting the stage

• We’re now deep into the multi-core era 
• Computer processor devices of today continue to push the 

limits of parallelization 
• Consider the Nvidia general-purpose GPUs 

• Intel’s answer: a highly parallel device called Xeon Phi
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Powerful, but hard to 
adopt widely in ATLAS

Can ATLAS utilize such 
a device effectively?



Intel Xeon Phi processors

• The Intel Many-Integrated-Core (MIC) architecture 
• Lots of power-efficient simple cores with 4-way 

hardware threads and deep vector registers 
• Linux OS with familiar programming model 

• The current generation: Knights Landing (KNL) 
• self-hosted or co-processor 
• fully x86 compatible 
• up to 72 Airmont cores (14nm process) 
• AVX-512 SIMD instruction support 
• up to 384 GB of DDR4 
• 8-16 GB of high-bandwidth MCDRAM 

• Flat, cache, and hybrid access modes
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Tile



Xeon Phi supercomputers

• Cori (phase 2) at NERSC 
• Coming online this month! 
• 9,304 KNL nodes with 68 cores each 

• 2.5 million threads 
• 96 GB DDR4 and 16 GB MCDRAM per node 
• “Burst-buffer” file system 
• 1,630 Haswell nodes with 32 cores each 

(phase 1) 
• Theta at Argonne 

• Stepping-stone to Aurora 
• >2,500 KNL nodes 
• 192 GB DDR4 and 16 GB MCDRAM per node 

• Aurora at Argonne 
• >50,000 nodes with 3rd-gen Knights Hill 

processors 
• To be delivered in 2019
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Multi-threaded ATLAS simulation

• ATLAS simulation could be a good application for KNL 
• Known to be CPU intensive 
• Relatively little I/O, meta-data, and database access 

• To run effectively on modern/future architectures,                    
we’re migrating to a multi-threaded design 
• Leveraging concurrency support in Geant4MT                                 

and AthenaMT/GaudiHive 
• Refactoring the infrastructure to a thread-safe design 

• However, multi-threading may not be enough for KNL 
• There may be scalability limitations  
• Bad code layout and memory access patterns may hurt 

performance 
• Simulation code known not to vectorize well
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Geant4MT

GaudiHive

G4AtlasMT

AthenaMT

See C. Leggett’s slides from Monday for AthenaMT details and motivations 
See A. Dotti’s slides from Tuesday for performance of Geant4 standalone on KNL



Application details

• Thread-safe design 
• Composition model of Gaudi/Athena components that create + manage thread-local 

G4 components 

• Thread-local workspaces setup via new thread initialization tool framework mechanism 
• Processing algorithms are cloned to execute on different events concurrently 
• One instance of the output stream algorithm (StreamHITS) services all worker threads 

• Migration status 
• Complete: geometry, physics, user actions, most sensitive detectors, truth writing, 

magnetic field, frozen shower library 
• Ongoing development: LAr sensitive detectors, fast simulations
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SensitiveDetectorSvc 

SD tools

PixelSDTool 

Thread-local SDs

PixelSD 

Hit collection

BeamEffectsAlg

SGInputLoader G4AtlasAlg

SGInputLoader G4AtlasAlg StreamHITS

StreamHITS

SGInputLoader G4AtlasAlg

SGInputLoader

Thread 1

Thread 2

Thread 3

BeamEffectsAlg

BeamEffectsAlg

BeamEffectsAlg StreamHITS

SGInputLoader

More details in A. Di Simone’s slides from Tue



Scaling on a Xeon* - Zττ sample

• Event throughput scales very well up to the number of physical cores 
and then plateaus with marginal gain from hyper-threading 

• Memory scaling is linear and gradual
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1.54 GB + 72.44 MB * nThreads

Processing 50 events / thread

16 cores

*Intel Xeon CPU E5-2650 v2 @ 2.60GHz

(RSS)



Scaling on a Xeon Phi* - Zττ sample

• As with the Xeon, we see great throughput scaling up to number of 
physical cores 

• In this case we see substantial gains from hyper-threading 
• Memory scaling is very nice, showing considerable reduction from using 

multi-threading
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1.50 GB + 47.19 MB * nThreads
64 cores

Processing 10 events / thread

*Intel Xeon Phi CPU 7210 @ 1.30GHz

(RSS)



Scaling on a Xeon Phi - single-muon sample

• Good scaling up to around 180 threads, followed by negative scaling above that! 
• In this case, the the output stream (StreamHITS) is a bottleneck! 

• Single algorithm instance cannot serve >180 threads at such high event rate 
• Luckily, this is an unrealistic configuration for full-simulation 

• but it might be relevant for fast-simulations in MT 
• Some work is still needed to improve scaling in this type of scenario
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(RSS)Processing 1k events / thread

1.44 GB + 36.95 MB * nThreads



Xeon vs. Xeon Phi summary
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Xeon vs. Xeon Phi summary
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Sample Ivy-bridge Xeon KNL Xeon Phi

Zττ 0.00257 0.000345

single-µ 1.38 0.239
Single thread

=> Per-core performance is 6-7 times worse  
     on KNL than on the Xeon!

Throughputs [events/s]
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Sample Ivy-bridge Xeon KNL Xeon Phi

Zττ 0.00257 0.000345

single-µ 1.38 0.239

Zττ 0.0421 0.0445

single-µ 24.6 23.2*

Single thread

Full machine 
(or best throughput)

=> Per-core performance is 6-7 times worse  
     on KNL than on the Xeon!

=> Best throughput on Xeon Phi similar to  
     16-core Ivy bridge Xeon

*176 threads

Throughputs [events/s]



Xeon vs. Xeon Phi summary
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Sample Ivy-bridge Xeon KNL Xeon Phi

Zττ 0.00257 0.000345

single-µ 1.38 0.239

Zττ 0.0421 0.0445

single-µ 24.6 23.2*

Single thread

Full machine 
(or best throughput)

=> Per-core performance is 6-7 times worse  
     on KNL than on the Xeon!

=> Best throughput on Xeon Phi similar to  
     16-core Ivy bridge Xeon

*176 threads

Throughputs [events/s]

• Performance falls short of KNL potential 
• Usual comparison is to a 32-core Haswell! 

• Can we understand what’s going on under the hood?



Profiling the application

• Using VTune, we can start to understand the performance differences 
between the Xeon and Xeon Phi architectures 
• These results measured with a Zµµ sample and a single worker thread 

• On KNL, the application seems to be held up in the instruction front-end, 
with a high clocks-per-instruction rate of 3.0! 
• High rate of instruction cache misses 
• Seems to be due to relatively poor handling of large ATLAS+G4 code 

size
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Conclusion

• ATLAS can now run a nearly complete multi-threaded simulation setup 
in AthenaMT 
• Performance looks good on a Xeon 

• We’ve shown that we can utilize Xeon Phi Knights Landing machines 
• Scalability is generally good (except some “extreme” configurations) 
• Throughput similar to typical grid machine (16-core Ivy Bridge) 

• However, we still have a lot of room for improvement to use them 
effectively 
• Front-end, CPI issues 
• Would like to do as well as a 32-core Haswell 

• Plenty of work to be done 
• Try to improve on the results from the profiler 
• Improve our I/O layer for configurations with high event rate 
• Find opportunities for vectorization
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Backup slides
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Thermal design power

• Typical grid machines have 2 Ivy-Bridge procs (16-core)  ~200 W 
• Cori phase 1 nodes have 2 Haswell procs (32-core)         ~330 W
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Ivy bridge 
Xeon E5-2650 v2 

8-core
100 W

Haswell 
Xeon E7-8860v3 

16-core
165 W

Knights Landing 
Xeon Phi 7210 

64-core
215 W



• A “supercomputer on a chip” 
• Lots of threads, wide vector registers, with 

low power footprint 
• Particularly suited to highly-parallel, CPU-

bound applications 

• The Xeon Phi product line: 

• Supercomputers:

Intel Many-Integrated-Core architecture
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Knights Corner (KNC) 
previous generation 

57-61 Pentium cores (~1GHz) 
6-16 GB on-chip RAM 

coprocessor only

Knights Landing (KNL) 
current generation 

72 Airmont cores (3x faster) 
8-16 GB MCDRAM 
up to 384 GB RAM 
host or coprocessor

Knights Hill (KNH) 
maybe 2017 

60-72 Silvermont cores 
???

• Tianhe-2 @ NSCC-GZ 
• Stampede @ TACC

• Cori @ NERSC 
• Theta @ ANL

• Aurora @ ANL



Haswell vs. KNL memory
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23https://anl.app.box.com/v/IXPUG2016-presentation-44
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https://anl.app.box.com/v/IXPUG2016-presentation-3
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Performance potential

27https://anl.app.box.com/v/IXPUG2016-presentation-3

https://anl.app.box.com/v/IXPUG2016-presentation-3


Machines studied
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The aibuild machine at CERN 
Kernel:  2.6.32-573.18.1.el6.x86_64 
Model:  Intel(R) Xeon(R) CPU E5-2650 v2 @ 2.60GHz 
Cores:  16 Ivy-bridge cores (32 HT) 

NERSC’s Cori Phase 1: http://www.nersc.gov/users/computational-systems/cori/cori-phase-i/ 
Nodes:  1,630 
Kernel:  3.12.51-52.31.1_1.0600.9146-cray_ari_c 
Model:  (R) Xeon(R) CPU E5-2698 v3 @ 2.30GHz 
Cores:  32 Haswell cores (64 HT) 

NERSC’s Carl KNL cluster 
Kernel:  3.12.49-11.1.xppsl_1.3.3.151-default 
Model:  Intel(R) Xeon Phi(TM) CPU 7210 @000000 1.30GHz 
Cores:  64 (256 HT) 
Configuration: quad+flat or quad+cache 

Carl also has “bin1” nodes, which should be the same as Cori Phase 2: 
Kernel:  3.12.49-11.1.xppsl_1.3.3.151-default 
Model:  Intel(R) Xeon Phi(TM) CPU 7250 @ 1.40GHz 
Cores:  68 (272 HT) 
Configuration: quad-flat or quad-cache 

Intel Endeavour KNL cluster (external dev queue) 
Kernel:  3.10.0-229.20.1.el6.x86_64.knl2 
Model:  Intel(R) Xeon Phi(TM) CPU 7210 @ 1.30GHz 
Cores:  64 (256 HT) 
Configuration: quad+flat or quad+cache

http://www.nersc.gov/users/computational-systems/cori/cori-phase-i/


Scaling on a Xeon - single-muon sample

• As with the Ztautau sample, the scaling with the single-muon sample is 
excellent up to the physical number of cores 

• The memory scaling is also good again
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1.46 GB + 36.59 MB/thread



Scaling on a Xeon - ttbar sample

• Event throughput scales very well up to the physical number of cores, and 
plateaus quite abruptly in hyper-threading regime 

• Memory scales nicely, showing excellent savings from sharing across threads
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Linear approximation: 
1.63 GB + 48.67 MB/thread

16 physical cores



Multi-process scaling on Xeon Phi - Zττ sample

• Processes were not pinned to cores, here, so core migration and context 
switching probably impact throughput 

• AthenaMP shows memory savings, but per-thread increase is ~5 times larger 
than pure multi-threading

31*Intel Xeon Phi CPU 7210 @ 1.30GHz

1.85 GB + 248.17 MB * nThreads64 cores

Processing 10 events / thread



Xeon vs. Xeon Phi performance (single-muon)
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=> Per-core performance is about 5.5 times 
worse on KNL than on the Ivy-bridge Xeon

Can we understand why?



Application hotspots

• Hotspots on a Haswell machine (Zµµ sample, single worker thread): 

• Hotspots on a KNL machine (same config): 

• The lists are fairly similar 
• The KNL slowdown doesn’t seem to be due to any particular piece of code, but 

rather a global slowdown of the entire codebase
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Single-mu scaling issue

• Not accounted for in 
algorithmic time! 

• The culprit? 
• Serialized I/O 

algorithms, 
particularly the 
StreamHITS 

• Verified by disabling 
output stream
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Disabled StreamHITS



Algorithm execution times on KNL (Ztautau)
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Initialization and finalization times on KNL (Ztautau)
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Memory consumption on KNL (Ztautau)
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