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GeMV on a Summit Node 
• Double Precision Peak Per V100 is 7 

TF/sec 

• But my friend is seeing only 200 GF/

sec GPU?


for (int i=0; i<n; i++) {
A[i] = B[i] + C[i]

}

next coe
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i] += A[i][j]*B[j]
}

}

for (int k=0; k<n; k++) {
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i][j] += A[i][k]*B[k][j]
}

}
}
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How do I make my code run faster?

for (int i=0; i<n; i++) {
A[i] = B[i] + C[i]

}
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xPU

Fast memory 
(total size = Z)
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HBM & DRAM speeds are aggregate (Read+Write).
All other speeds (X-Bus, NVLink, PCIe, IB) are bi-directional.
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Summit Node Schematic 

• Coherent memory across 
entire node 

• NVLink v2 fully  
interconnects three GPUs 
and one CPU on each 
side of node

• PCIe Gen 4 connects 
NVM and NIC

• Single shared NIC with 
dual EDR ports

Fast Code 
• Mapping code to architecture 

• Fat nodes = too many 

architectural features and 
parameters 


Performance Modeling is Hard



Roofline Model
Goals Of Roofline Model 
• A graphical aid that provides : realistic 

expectations of performance and productivity

• Show inherent hardware limitations for a 

given kernel

• Show potential benefit and priority of 

optimizations

• Focused on: rates and efficiencies (GF/s, % 

of peak)
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 Compute only
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• Computation: measured in GF/sec, GTEPS 

• Communication: GB/sec 

• Locality: Cache Size, Data Reuse 

Source: Sam Williams (LBNL)



von Neumann bottleneck

Slow memory

xPU

Fast memory 
(total size = Z)

W ⌘ # (fl)ops
Q ⌘ # mem. ops (mops)

= Q(Z)

Q mops

W (fl)ops



von Neumann bottleneck

Slow memory

xPU

τmem = time/mop

τflop = time/flop

Fast memory 
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von Neumann bottleneck

Slow memory

xPU

τmem = time/mop

τflop = time/flop

Fast memory 
(total size = Z)
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❖True Arithmetic Intensity (AI) ~ Total Flops / Total DRAM Bytes 
▪constant with respect to problem size for many problems of interest 

▪ultimately limited by compulsory traffic

▪diminished by conflict or capacity misses.

A r i t h m e t i c  I n t e n s i t y

O( N )O( log(N) )O( 1 )

SpMV, BLAS1,2

Stencils (PDEs)

Lattice 
Methods

FFTs
Dense Linear Algebra 
(BLAS3)/ Deep 
Learning Particle 

Methods



for (int i=0; i<n; i++) {
A[i] = B[i] + C[i]

}

next coe
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i] += A[i][j]*B[j]
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}
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for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
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}

}
}
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Summit Node Schematic 

Coherent memory across 

interconnects three GPUs 
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GeMV on a Summit Node 
• Double Precision Peak Per V100 is 7 TF/sec 

• But my friend is seeing only 200 GF/sec 

GPU?
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Roofline model for Opteron
(adding ceilings)
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Estimating Peak Attainable 
Flop Rate 
• Can you use FMA (Fused Multiply and 

Add): Common in Linear Algebra, Deep 
Learning


• Is the Code Vectorizable? 

• Are you exposing enough instruction 

level parallelism?

Source: Sam Williams (LBNL)

Computation:
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Summit Node Schematic 

Coherent memory across 

interconnects three GPUs 
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Summit Node Schematic 

• Coherent memory across 
entire node 

• NVLink v2 fully  
interconnects three GPUs 
and one CPU on each 
side of node

• PCIe Gen 4 connects 
NVM and NIC

• Single shared NIC with 
dual EDR ports

Refining Roofline using: Microbenchmarks



for (int i=0; i<n; i++) {
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1

Semi-ring Matrix Multiplication

Q. Given the roofline curves for V100, how much performance should I expect from 
semi-ring matrix multiplication kernel!?
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Optimizing Communication 
Bound Kernels 
• Low level optimization: prefetching, 

NUMA optimizations, coalescing 
memory accesses 


• Compression/encoding to reduce 
metadata


• Exploiting total available bandwidth
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Summit Node Schematic 

• Coherent memory across 
entire node 

• NVLink v2 fully  
interconnects three GPUs 
and one CPU on each 
side of node

• PCIe Gen 4 connects 
NVM and NIC

• Single shared NIC with 
dual EDR ports

Exploiting Total Available Bandwidth

Q. What is effective β when we 
are streaming data from DRAM to 
the GPU
A. 170 GB/sec

B. 50 GB/sec

C. 900 GB/sec

D. 150 GB/sec
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• Coherent memory across 
entire node 

• NVLink v2 fully  
interconnects three GPUs 
and one CPU on each 
side of node

• PCIe Gen 4 connects 
NVM and NIC

• Single shared NIC with 
dual EDR ports

Exploiting Total Available Bandwidth

Q. What is effective β when we 
are streaming data from DRAM to 
the GPU

A. 170 GB/sec

B. 50 GB/sec

C. 64 GB/sec

D. 150 GB/sec



Locality and Cache Size

Slow memory

xPU

Fast memory 
(total size = Z)

Q mops

W (fl)ops

for (int i=0; i<n; i++) {
A[i] = B[i] + C[i]

}

next coe
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i] += A[i][j]*B[j]
}

}

for (int k=0; k<n; k++) {
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i][j] += A[i][k]*B[k][j]
}

}
}
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Locality and Cache Size

Slow memory

xPU

Fast memory 
(total size = Z)

Q mops

W (fl)ops

for (int i=0; i<n; i++) {
A[i] = B[i] + C[i]

}

next coe
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i] += A[i][j]*B[j]
}

}

for (int k=0; k<n; k++) {
for (int i=0; i<n; i++) {

for (int j=0; j<n; j++) {
C[i][j] += A[i][k]*B[k][j]
}

}
}

for (int k=0; k<n; k++)
for (int i=0; i<n; i++)

for (int j=0; j<n; j++)
C[i][j] = min(C[i][j], A[i][k]+B[k][j])

for (int kk=0; kk<n; kk+=b)
for (int ii=0; ii<n; i+=b)

for (int jj=0; jj<n; jj+=b)
for (int k=kk; k< min(n,kk+b); k++)

for (int i=ii; i<min(n,ii+b); i++)
for (int j=jj; j<min(n,jj+b); j++)

C[i][j] = min(C[i][j], A[i][k]+B[k][j])
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To sum up:
Summary 
• Performance and scalability can be extremely non-intuitive even to computer scientists

• Performance is a question of how well an kernel’s characteristics map to an 

architecture’s characteristics

• The Roofline model is a visually intuitive figure for kernel analysis and optimization

• It is easily extended to other architectural paradigms.

To learn more: 
• Williams, Samuel, et al. "The roofline model: A pedagogical tool for program analysis 

and optimization." 2008 IEEE Hot Chips 20 Symposium (HCS). IEEE, 2008.

• LBL’s Empirical Roofline Tool: https://bitbucket.org/berkeleylab/cs-roofline-toolkit/

src/master/ 

• Computing FLOPs: https://software.intel.com/content/www/us/en/develop/articles/

calculating-flop-using-intel-software-development-emulator-intel-sde.html

https://bitbucket.org/berkeleylab/cs-roofline-toolkit/src/master/
https://bitbucket.org/berkeleylab/cs-roofline-toolkit/src/master/
https://software.intel.com/content/www/us/en/develop/articles/calculating-flop-using-intel-software-development-emulator-intel-sde.html
https://software.intel.com/content/www/us/en/develop/articles/calculating-flop-using-intel-software-development-emulator-intel-sde.html
https://software.intel.com/content/www/us/en/develop/articles/calculating-flop-using-intel-software-development-emulator-intel-sde.html

