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The Blue Waters system[1,2]
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22,640&XE6&nodes

4,228&XK7&nodes

As&of&May&15,&2018, 24x24x24&3D&Torus&network



• SPP#benchmark#at#CUG12012#[3]
• NAMD:#molecular#dynamics
• MILC,CHROMA,VPIC:#particle#physics
• SPECFEM3D:#geophysics
• WRF:#weather#forecast
• PPM:#astrophysics
• NWCHEM,#GAMESS:#quantum#chemistry
• QMCPACK:#material#science

• Updated#SPP#benchmark#at#CUG12017#[4]
• AWP1ODC:#geophysics
• CACTUS:#astrophysics
• MILC:#quantum#chromodynamics
• NAMD:#molecular#dynamics
• NWCHEM:#computational#chemistry
• PPM:#astrophysics
• PSDNS:#turbulence
• QMCPACK:#material#science
• RMG:#electronic#structure#of#materials
• VPIC:#movement#of#charged#particles
• WRF:#weather#forecast

Why roofline performance analysis model matters to us?

3

• We#want#to#measure#“real#application#performance”#reflecting#the#NSF#workload
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• We#wanted#to#get#a#visually#intuitive#performance#analysis#plot#for#our#SPP#applications
• to#characterize#their#performance#bottlenecks
• and#get#an#idea#about#their#performance#on#our#next#generation#machine

• Roofline#performance#analysis#model#was#attractive,#but#we#could#not#find#a#reliable#tool#for#that.



ERT measurements of an XE node
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• Empirical)Roofline)Tool)(ERT))version)1.1.0)[5]

• Employed)compilers
• GNU:)gcc/4.9.3)and)gcc/6.3.0
• Cray:)cce/8.5.8
• PGI:)pgi/17.5.0

• Considered)Peak)FlopMrates
• Vector)FMA)peak:)w/SIMD)and)FMA4
• Vector)Add)peak:)w/)SIMD)and)w/o)FMA4
• Scalar)Add)peak:)w/o)SIMD)and)FMA4

• Cores)and)cache)hierarchy)of)an)XE)node
• 32)integer)core,)16)FPUs,)4)NUMA)domains
• L1)data)cache:)16)KB/integer)core
• L2)data)cache:)2048)KB/FPU
• L3)data)cache:)8192)KB/)NUMA)domain
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COMPUTATIONAL INTENSITIES BASED ON 
HARDWARE PERFORMANCE COUNTERS
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Validation via kernels for computing geometric series
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• The$nth order$of$geometric$series

• 4176$test$cases

• Three$types$of$implementation
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Employed hardware counters to measure data transfers
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• L1_DCA
• PAPI_L1_DCA,*or*DATA_CACHE_ACCESSES
• Level*1*data*cache*accesses
• CrayPat*default*counter*for*computing*computational*intensity
• A*single*reference*=*a*single*vector*length*(i.e.,*16*bytes*=*128*bits)

• DCR_GOOD
• DATA_CACHE_REFILLES_FROM_L2_OR_NORTHBRIDGE:GOOD
• The*number*of*data*cache*refills*satisfied*from*the*L2*cache*and/or*the*system*with*valid*final*status
• A*single*reference*=*a*64Ubyte*transfer

• Other*counters*have*been*tested*in*the*same*way

• Instrumenting*the*code*with*CrayPat
• Focusing*on*kernels*of*interest*using*CrayPat*API*(PAT_region_begin/end*and*PAT_record)
• Enabling*the*CrayPat*API*via*“pat_build Uw*myprogram”
• Setting*the*runtime*variable*for*hardware*performance*counters*(i.e.,*PAT_RT_PERFCTR)
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Coefficients of variation (i.e., STD/mean) of hardware counter data 
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• The O3 optimization

• The O0 optimization



Range of MIN and MAX of byte measurements
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• The O3 optimization

• The O0 optimization



Raw data of byte measurement for selected cases
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• Cray%RecurLoop%m4096%O3 • Gnu%Inline%m1024%O3 • Pgi%FlatLoop%m0256%O3



Raw data of byte measurement for selected cases
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• Cray%RecurLoop%m4096%O0 • Gnu%FlatLoop%m0256%O3 • Pgi%RecurLoop%m1024%O3



Ratio of the byte measurements over the exact transfers
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• The O3 optimization

• The O0 optimization



Validation via 2D/3D stencil codes
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• The$main$kernels$of$2D/3D$stencil$codes • FLOPs,$data$transfers,$and$Comp.$Intensity$(CI)

• 72$test$cases
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FLOP measurements
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Ratio of the byte measurements over the exact transfers and 
Comp. Intensity (CI)
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• Byte measurements

• Computational Intensity



Roofline analysis via Intel Advisor – 2D/3D stencil kernels
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• Test%platform
• A%dual%Intel%E542680V4%(Broadwell)%

processor%node%of%UIUC%campus%cluster
• Intel/18.0%with%4O3%–xHOST

• Limitations%of%Intel%Advisor
• Not%compatible%with%other%vendors’%

processors%(e.g.,%AMD,%ARM,%and%NVIDIA)
• Not%compatible%with%other%compilers%(e.g.,%

CRAY,%PGI,%GNU,%ARM)
• Requiring%at%least%two%executions%(i.e.,%

Survey%analysis,%and%Trip%Counts%Analysis%
with%FLOP),%so%not%suitable%for%large4scale%
simulations
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A screen shot of Intel Advisor Roofline features; 3D kernel with (256+2)3 stencil



CRAYPAT-BASED ROOFLINE ANALYSIS FOR 
HPC BENCHMARKS AND POPULAR KERNELS
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5-point 2D stencil kernel
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• Cray%cce/8.5.8%with%the%O3%optimization
• Access%to%two%arrays%(i.e.,%M%and%OM)
• Required%memory%size%in%total
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Stencil SP DP

(128+2)2 135%KB 270%KB

(256+2)2 532%KB 1.065%MB

(512+2)2 2.1%MB 4.2%MB

(1024+2)2 8.4%MB 16.8%MB

(2048+2)2 33.6%MB 67.2%MB

(4906+2)2 134%MB 269%MB

(8192+2)2 537%MB 1.074%GB

L2%data%cache
(1024%KB/core)



7-point 3D stencil kernel
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• Cray%cce/8.5.8%with%the%O3%optimization
• Access%to%two%arrays%(i.e.,%M%and%OM)
• Required%memory%size%in%total
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Stencil SP DP

(16+2)3 47%KB 93%KB

(32+2)3 314%KB 629%KB

(64+2)3 2.3%MB 4.6%MB

(128+2)3 17.6%MB 35.2%MB

(256+2)3 127%MB 275%MB

(416+2)3 584%MB 1.169%GB

L2%data%cache
(1024%KB/core)



HPCG[6]
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• GNU$gcc/4.9.3$with$the$O3$optimization
• A$27;point$stencil$operator$with

• dense$and$sparse$computations,
• truncated$multi;grid$V$cycles,
• unstructured$sparse$triangular$solver

• 128$MPI$ranks$on$4$XE$nodes
• 163 to$1283 per$MPI$rank

• Mostly$DRAM$bandwidth$bounded$
performance
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HPGMG-FV uses Full Multigrid (FMG) 

High Performance Geometric Multigrid (HPGMG) BoF 
Supercomputing, 2016 7 

!  FMG is a single pass, direct solver that provides a solution to 
the discretization error (4th order) 

!  The FMG multigrid F-Cycle is a series of progressively deeper 
geometric multigrid V-cycles 2563 

23 

43 

83 

163 

323 

643 

1283 Distributed*fine*grid*operations

HPGMG-FV[7]
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• GNU$gcc/4.9.3$with$the$O3$optimization
• The$4th9order$accuracy$finite$volume
• The$full$multi9grid$(FMG)$F9cycle
• 512$MPI$ranks$on$16$XE$nodes
• 163 to$2563 cubes$per$MPI$rank

• Most$critical$performance$bottleneck$is$load$
imbalance$via$FMG$F9cycle

Roofline+Analysis+with+CrayPat+and+Roofline7based+Performance+Projections+for+a+Future+Architecture

Source:$Williams$(hpgmg.org),$HPGMG$BoF,$SC916,$2016

Coarse*grid*operations
Agglomeration*stages



Sparse Linear Solver
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• Sparse'iterative'solver
• PETSc[8]:'cray6petsc/3.6.3.0
• The'transpose'free'QMR'(i.e.,'tfqmr)'

solver
• The'classical'additive'Schwarz'(i.e.'

asm_basic)'preconditioner
• Sparse'direct'solver

• MUMPS[9] and'SuperLU[10]

• cray6tpsl/16.03.1
• CSR'matrices'from'a'CFD'code[11]

• 10K,'83K,'684K'and'2M'unknowns
• Employed'XE'nodes

• 16'MPI'ranks'on'1'XE'node
• 512'MPI'ranks'on'32'XE'nodes
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PETSc: tfqmr solver with asm_basic preconditioner from PETSc



Sparse Linear Solver
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SuperLUMUMPS



ROOFLINE-BASED PERFORMANCE 
PROJECTION FOR A NEW PROCESSOR
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Surface Extraction with TIN-based Search-space Minimization code[12]
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• Four%critical%groups%of%SETSM%code%based%on%a%
CrayPat%report%on%an%XE%node
• U/VLL:%%%33.1%%%(997.6s),%multiKthreaded
• U/main:%25.3%%(671.3s),%singleKthreaded
• U/OT:%%%%%25.2%%(757.8s),%multiKthreaded
• U/VLL_B:%1.0%%(31.1s),%multiKthreaded
• Others:%%15.4%%(464.1s)

• Hypothesis%for%the%performance%projection
• Performance%of%multiKthreaded%groups%is%

bounded%by%DRAM%bandwidth%of%the%NODE
• Performance%of%the%singleKthreaded%group%is%

bounded%by%DRAM%bandwidth%of%the%NUMA%
domain
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Surface Extraction with TIN-based Search-space Minimization code[12]

26

• Wall$time$projections$based$on$our$
hypothesis

• Target$nodes$at$UIUC$campus$cluster
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• Roofline<based$performance$projection

• Comparison$with$measured$performance

• What$to$do$for$more$accurate$projections
• Characterizing$more$groups$of$the$code



Concluding remarks & future work
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• A"reliable"and"practical"method"for"the"roofline"analysis"model"with"CrayPat"is"proposed
• It"is"compatible"with"various"compilers"(e.g.,"Cray,"GNU"and"PGI"compilers)
• It"can"be"extended"to"other"processors"(e.g.,"AMD,"ARM,"GPU"and"Intel)
• It"is"scalable"as"much"as"CrayPat"is.

• Selected"hardware"performance"counters"for"the"roofline"analysis"have"been"validated"thoroughly"
via"manually"derived"reference"data

• CrayPatGbased"roofline"analysis"has"been"performed"for"HPCG,"HPGMG,"PETSc,"MUMPS"and"
SuperLU.

• An"example"of"the"rooflineGbased"performance"projections"for"other"processors"is"presented.

• We"plan"to"perform"similar"analyses"with"GPU"nodes"and"other"processors"(e.g.,"ARM,"and"Intel).
• We"will"share"our"developed"python"scripts"(General"Roofline"Evaluation"Gadget"– GREG)"via"

NCSA"public"GitHub"repository"(https://github.com/ncsa/GREG)
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QUESTIONS ?
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