Hardware, tool, and algorithm facets in next generation
low power HPEC (High Performance Embedded
Computing) that should shape benchmarking and
evaluation strateg
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Disclaimer

These are research projects, not all in Reservoir products.
No warranties.

Patent pending technologies.
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Game Over or Next Level?

"A high_level T H E F U T U R E
COMPUTING PERFI]HIUIANIIE

performance-portable
programming model is
the only way to restart
the virtuous cycle...”
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Outline

Hardware Facets
Tool Facets
Algorithm Facets

Benchmarking and Evaluation Implications
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Hardware Facets
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Nimble, Fine Grained Per Core Power Controls

ESP 3D Integration: The Key to Fine-Grain
Power Management

+ Processor Chip
il

Management
Chlp
Inberpose
tqd'-nulo;\' with
T5Ws and magnetlc
inductors

= Switched-Inductor
integrated voltage

Fower Management Chip regulators (IVR]

“Embedded Scalable Processor (ESP)"
Columbia University
Luca Carloni (PI), 2014
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More Cores, Deeper Hierarchy, NTV

3D Stacked Cormgpute Local Cormpute Cluster
4 Layers/Stack |85 Clusters/Layer

Compute Unit
10 Units/Cluster

9ME Shared L2

30 Xbar connects 40 units
up/down the 4-Layers

-
(q_:# o \ Central ¥Xbar (35 Clusters + 16 Wide-1/O)
G - Only on Bottom Laver
30 Stacked - S0 acked
Compute
.
| Sensors ]:
Il LI [T
Wi ce-1/0 Channel s Wicke-1i0 Chaningls

Si-Interposer

“Energy Efficient 3D Near-Threshold Computing Systems for Future
Embedded Applications”
Trevor Mudge
University of Michigan, 2014
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NTV Operation

Near Threshold-Voltage (NTV)

NTV Benefit: 10*
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Shekhar Borkar
IPDPS keynote
2013
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NTV = Cores running at varied clocks

Mitigating Impact of Variation

1.Variation control with body biasing

Body effect is substantially reduced in advanced
technologies

Energy cost of body biasing could become substantial

Cost: Fully-depleted transistors have no body left
2. Variation tolerance at the system level

. Example: Many-core System
More complex mapping P Y Y

and LOAD BALANCING ﬂ f/4 S5 @

2 /4 [
Running all cores at full Run cores at the native frequency

frequency exceeds energy Law of large numbers—averaging , ,
budget

Shekhar Borkar
IPDPS keynote
2013
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Energy Cost Trends: Arithmetic vs. Communications

Arithmetic Communications

Computational Energy per FLOP trend

Communication Emergy Trend
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Log Scale (improving exponentially; Linear Scale (improving only linearly!)

i.e., Moore's Law)

Needed:
Communication-Avoiding Compilation,
Communication-Avoiding Algorithms
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Other Hardware Trends

Heterogeneity

Compute Everywhere (in Network, near Memory, ..

Sea of Tiles
Specialization [ Dark Silicon

Explicit Communication (DMA, rDMA, ...)

Explicit Scratchpad hierarchy management

)
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Tool Facets
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R-Stream : More CONCURRENCY

Tilera, SMP, Cell,

madchine model FPGA, C3X,
chigh level GT200+Xeon

prOCEssors, Memories,
data and contral links ——J

polyhedral mapping J
scheduling, task formation, placement
promotion, multi-buffering, DMA +

synchronization + thread generation
GDG  (Polyhedral representation) )
Generalized Dependence Graph

Ci °
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High-laval compliar I Low-laval compliar
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C, CUDA, Cn,
Dataflow languages

master code
C + runtime calls

II mappable functions . @TE
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C sourcecode %— IR R-Stream's Intermediate Representation pretty printing
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Targeting Task Graph Execution Models

Move beyond barrier synchronization
® Expose additional CONCURRENCY
® |ncrease opportunities for LOAD BALANCING

® Support runtimes that scale to 1000's of cores

Example: Givens QR mapping only requires neighbor syncs

unnecessary
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Benefits

Better efficiency, shorter latency, lower power usage

Dynamic optimizations (locality, power, energy proportionality)
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Open Community Runtime
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Polyhedral Mapper in R-Stream
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Communication-Avoiding Scheduling

Affine Scheduling — JPLCVD

® Jointly optimize parallelism, locality, contiguity,
vectorization and data layout

Local Memory Buffer Management
® Scratchpad and/or “Virtual Scratchpad”

Minimize copying and memory traffic in local memory
® "Right size" local buffers and round-robin reuse

Reservoir Labs Richard Lethin, SEAK Workshop, DAC, June 1, 2014
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Communication-Avoiding Compilation

for k=1,n {
for jJ=1,n {
for 1=1,n {
c[3*(i-1)+1] = A[KI[J1[i+1];
c[3*(i-1)+2] = A[KI[1[i+2];
c[3*(1-1)+3] = ALKIL1[1+3];

X[KIOL] = c[3*(i-1)+1] *
c[3*(1-1)+2] +
c[3*(i-1)+3];

Original Code (Covariance Calculation from STAP)

Reservoir Labs

Richard Lethin, SEAK Workshop, DAC, June 1, 2014
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Communication-Avoiding Compilation

for k=1,n {
for j=1,n {
for 1=1,n {
if (i ==1) {
c[3*(i-1)+1] = A[KILI1[i+1];
c[3*(i-1)+2] = ALIK11Li+2]; 7/ S1
c[3*(i-1)+3] = ALKIJ1[i+3]; 7/ S2
XIKI1O1Li1 = c[3*(i-1)+1] *
c[3*(i-1)+2] +
c[3*(i-1)+3];
by
it (i == 2) {
c[3*(i-1)+1] = ALK1J1[i+1]}; 7/ S3
c[3*(i-1)+2] = A[K1L1Li+2]; /7 S4
c[3*(i-1)+3] = ALK1J1[i+3]; 7/ S5
XIKI1O1Li1 = c[3*(i-1)+1] *
c[3*(i-1)+2] +
c[3*(i-1)+3]; // S6
by
if (G >2){
by
by
by
by

Code with two iterations of i loop peeled for illustration
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Communication-Avoiding Compilation

for k=1,n {
for j=1,n {
for i=1,n {
if (=1 {
c[3*(i-1)+1] = ALKILi1[i+1];
c[3*(i-1)+2] = A[KI[1[i+2]; // S1
c[3*(1-1)+3] = A[KI[J1[i+3]1; // S2
X101 = c[3*(i-1)+1] *
c[3*(i-1)+2] +
c[3*(1-1)+3];
}
it (i==2){
//c[3*(i-1)+1] = A[KIL[J1[i+1]; // S3 : Removed - same as S1 read (S3->S1 RAR)
//c[3*(i-1)+2] = A[KI[J1[i+2]; // S4 : Removed - same as S2 read (S4->S2 RAR)
c[(i-D\%3] = ALKIL1Li+3]; // S5: Access fn change: c[3*(i-1)+3] -> c[((3*(i-1)+3)/3-1)\%3]
XIK1[31[1] = c[3*(i-2)+2] * // S6: Changed access fn to point to element of c loaded in S1
//  c[3*(i-1)+1] -> c[3*(1-2)+2] (S6->S3 RAW + S3->S1 RAR)
c[3*(i-2)+3] + // S6: Changed access fn to point to element of c loaded in S2
// c[3*(i-1)+2] -> c[3*(1-2)+3] (S6->S4 RAW + S4->S2 RAR)
c[(i-D)\%3]; // S6: Access fn change: c[3*(i-1)+3] -> c[((3*(i-1)+3)/3-1)\%3]
}
if (i >2)/{
}
}
}
}

Code with communication-avoiding optimizations applied

Reservoir Labs Richard Lethin, SEAK Workshop, DAC, June 1, 2014 21



Communications-Savings (GPGPU - Kayla)

Communication Operations (Loads+Stores)
I Loads+Stores

I
=)

= = =
i-s h [==]
T T

Communication Operations (normalized to base)
=
[

o
(=

New R-Stream Optimizations Decrease Communications by 2X

Reservoir Labs
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Energy Proportional Scheduling in R-Stream

]

Coarse-grain Thresholding Seoduiing

® Generate lightweight runtime checks
to apply appropriate level of energy
optimization on key system
components using the Power AP

Task Formation

Task FPlacement

Memory
Promation

Communication

and
Synchronization
Generation

A
Coarse-Grain 1

')
r, Thresholding [
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EPS in R-Stream

for(w=0;w<W;w++) // W=56
for(y=0;y<YO;y++) // Y0=1021
Tfor(x=0;x<X0;x++) // X0=1021
for(c=0;c<C;c++) // C=32
out[wllylIx] +=

inlylx1[cl*filt[w][O1[0][c]+
inly+11Ix1Lc]*filewl[1][O][c]+

in[y+2] [x+2] [c]*Fi It[w] [2] [2] [c]:

=

T R-Stream applies parallelism,
locality, tiling [8,128,128,32],

?
¢
.

Betatree representation in R-Stream

communication gen

for(wt=0;wt<=6;wt++){
for(yt=0;yt<=7;yt++){
Tor(xt=0;xt<=7;xt++){

for(wi=.){

for(yi1=0..){

for(x1=0..){

[ 7= Toad array out *7]
3}
for(yi=.){

for(x1=0..){

for(c=0..){

31}

for(wi=0;wi<=7;wi++){
for(yi1=0;yi<=min(..,127);yi++){
for(xi= O Xi<= mln( ,127) ;x1++){

for(wi=..){

for(yi1=0.){
for(xi=0..){

.. /* store array out */

i3ds

Reservoir Labs
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EPS in R-Stream

Ffor(w=0;w<W;w++) // W=56
for(y=0;y<YO;y++) // Y0=1021

for(wt=0;wt<=6;wt++){
for(yt=0;yt<=7;yt++){
For(xt=0;xt<=7;xt++){

Tfor(x=0;x<X0;x++) // X0=1021

for(c=0;c<C;c++) // C=32
out[wllylIx] +=
infylDx1[cl*filt[w][O0][O][c]+
infy+11Dx1[c1*filtw[[1]1[O0][c]+

in[y+2] [x+2] [c]*Fi It[w] [2] [2] [c]:

=

T R-Stream performs EPS strategy
and statically inserts light-
weight runtime power API calls

(=)

?
¢
.

Betatree representation in R-Stream

R-Stream Power APl call();
for(wi=..){
for(yi1=0..){

3

R-Stream Power APl call();

for(yi=.){
for(xi1=0..){

3

R-Stream Power API call();

for(wi=0;wi<=7;wi++){

for(yi1=0;yi<=min(..,127);y1++){
for(x1=0;xi<=min(..,127) ;x1++){
for(c=0;c<=31;c++

i3 3s
R-Stream Power API call();

for(wi=..){
for(yi=0.){
for(x1=0..){
.. /* store array out */ | }}}

Reservoir Labs
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Power API

l=lE@] =
] e )€ nitps//github.comreservorrab/power 2pi £ = @ Github, Inc. [US] @ || €) reservoirlabs/power-api- Gi. % |
~
GitHub This repository ~  Search or type a command ® Explore Features Enterprise Blog Sign in
reservoirlabs / power-api *star o YFork 0
Contributed by Reservoir Labs, Inc. as part of the DARPA PERFECT program
<> Code
0 rele 1 cont
@ Issues 0
- E branch: master ~ power-api / + i1 Pull Requests (]
Polishing.
1 1 lomhenretty au Apr 29 ¥ Fabe
N bin Transfer from Reservoir Labs, Inc. amonth ago L:h Graphs
M cunit Transfer from Reservoir Labs, Inc. a month ago
Y Network
M doc Transfer from Reservoir Labs, Inc. a month ago
B include Transfer from Reservoir Lab: a month ago
M s Transfer from Reservoir Labs, Inc. amonth ago B
You can clane with HTTPS or
B LICENSE Transfer from Reservoir Labs, Inc. a month ago Subversion. 3
B makefile Transfer from Reservoir Labs, Inc. a month ago @ Clone in Desktop
B Makefile_ecount Transfer from Reservoir Labs, a month ago
<> Download ZIP
El README a maonth ago
E2 README
CONTENTS
1. Introduction v}
5 | +am Ranudnamant

https://github.com/reservoirlabs/power-api
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Algorithm Facets
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Traditional Parallel FFT Approach in 1D

Assume N = M*P Points and . N.Ode(.) ) N’Ode 1 .
Apply The Operator: ':I'.::«:::Iﬁ .... '
¢ Fp=(I[,® Fp)(F, ® [)II | AH-TO—Al.l ,,,,,,
® Perform Global Bit Reversal e« & e F
® Perform Local FFTs and Global . . . .
Transpose N Y L

.
.
..
0
v
.

* Apply Twiddle Factors A K
® Perform Local FFTs and Global A” T A”

2J.~.~t"‘.<.i

Bit Reversal

®* REQUIRES 3 GLOBAL
ALL-TO-ALL CALLS!

.~s.~"..>A.
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Alternative Low-Communication FFTs
Approximate Computing

Reducing Global Communication from 3 to ~1

® Tang et. al (SC'12) use an oversampling approach while mentioning
older approach:

® Edelman et. al. (SIAM J.SciComp'97) has largely been ignored due to

previous lack of interest and reliance on FMMs:

® Refactor the operator as

F, = (I, ® Fp)(F, ® I,,) MII
with factor matrices M = diag(Im,C’l,..., Cp_l)

® (matrices applied with FMM to reduce global communication while
arithmetic cost increases. Results (N=107 points on Intel(R) Xeon(R) CPU

X5650 @ 2.67GHz CPUs and QDR InfiniBand):

Y N

NP | Tgvim || T¥eresn, || Crrim Chra CroT [ Wior *(s) | Wige 7 (s) )
2 4.92¢ +09| 5.92e¢+09 | 8.58¢+02 | 4.19¢e+ 06 | 4.20e +06 || 1.44e + 01 3.50e 4+ 00
4 3.33¢+ 09| 3.83e+09 | 2.39¢e +03 | 3.15e+ 06 | 3.15e + 06 || 3.83¢e + 00 2.58e + 00
16 | 9.94e 4+ 08| 1.12e 4+ 09 | 1.05e +04 | 9.83e+ 05 | 9.94e + 05 || 5.74e — 01 9.54e — 01
32 | 5.11e 4+ 08| 5.74e +08 | 2.02¢e +04 | 5.08¢+05 | 5.28¢ +05 || 2.23e — 01 4.86e — 01
64 | 2.60e +08| 2.91e+08 | 3.81e+04 | 2.58¢+ 05 | 2.96e +05 || 1.45e — 01 2.96e — 01

128 | 1.33¢ + 08\ 1.48e 4+ 08 |/7.07e +04 | 1.30e 4+ 05 | 2.01e + 05 ‘\1.146 - 01 2.48¢ — 01 /

® Despite +10x ingcrease in arithmetic, ~3x reduction in communication

results in only[2x slower runtimes

Reservoir Labs
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Energy Savings for FMIM-FFT

Cumment and projecied enengy savings with FMM-FFT

M
tn

FJ

=k

Energy Ratio (Six-Step Parallel FFT / FMM-FFT)
=2 -
Ln Ln

238 nodes

1]
2012 2013 2014 2015 2018 2007 2018
fear
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Angle of ArrivaI/Spectru Sensing Problem

BEUSIC agerdmanryle o kas Hrima
T T T

y-axis Y ’ ~ g o i T L 'éi.
P P E. SERL e I ......... i ..... 'J-' ..... F : ;"Lf".;
7 /7 E o, A
) y 3 . e IR O ?]'!‘E;}""? ....... b
s ANSEEN anEN -
R R 2 S A S O S S Determine spectrum
Ve s AOA measured : A il £ i .
. Ve // ‘\3} CCW from x-axis Of €a Ch em |tter
Eg‘“"/i / \ ,

e — a; A, ay, g
-1|- Il ‘_‘1" | Antenna M

gy —— Locate emitters

in Angle
Radar Band | Frequency (GHz) | Wavelength {cm)

Millimeter 40 to 100 0.75 to 0.30
Ka 26.5 to 40 1.1 10 0.75

K 18to 26.5 1.7t 11

Ku 1251018 2417

X Bto 125 375024

C 4t 8 75t 375

S 2to 4 1510 7.5

L 1to 2 30to 15
UHF 03101 100 to 30

Fastest ADC can only sample a fraction of radar band
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Compressive Sensing - kW to W

Processor 12 kW
Sensor 12 kW RSN pu—

Signal
Detection : Band 1
M,f::wnm . Band1 , P_Band 1 , 5‘;:'::?';" r_ K Sigm:EI sgf.:mmn
> RF RCVR ';‘ ":d] :d ';‘ P::c 11]; i
L
NRFBands ¢
5,,.,::“,,5 . Subband
Sigmzl
5 BandN
w;rl.e:;m . BandN 7 rLBﬂ"’ i 7 SL;?::‘?T * | 0.. sigm:sg:::mmn
5 . RF RCVR ';" ['H] gd ';N P::c 1?; r
Classical Baseline
Sparse DFI-like
Image  matrix
§ osf
§ 06r
é o4t
& |
B DATA % 4 oz L 04 05

3 -02 01 ]

5 0.1
Frequency (MHz)

Sensor 100 W
Processor 100 W

Compressive Sensing
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Benchmarking and Evaluation Implications

Hardware programming complexity increasing to save
power; suites coded to the metal not portable

Many aspects of new programming complexity can be
addressed by automatic tools - consider new tools in suites

® Provides some performance portability
® |nput code for benchmarks should be "textbook form"

Algorithm landscape is changing too — expand suites
® Communication-avoiding algorithms
® Sparsity-exploiting algorithms (compressed sensing, etc.)
® Randomized algorithms
® Spectral support solvers

Need to consider system power
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