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Systems on Chip (SoC): Evolution (1) ‘

O Naturally powered by: Moore’s law, power density wall, ...
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M. Horowitz, F. Labonte, et al. Dotted-line by C. Moore,
]_00 “Data processing in exascale-class computer systems,” The

Salishan Conference on High Speed Computing, 2011
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Systems on Chip (50C): Evolution (2)

O Incredible evolution over the last decades
O SoCs: Long history of specialization and interaction with environment

1999 2019
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Sketch of Tl Keystone
Panda, P. R., Dutt, N. D., & Nicolau, A. Memory issues in
embedded systems-on-chip: optimizations and
exploration. Springer Science & Business Media. 1999
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Systems on Chip (SoC): Evolution (3)

d Incredible evolution over the last decades
0 SoCs: Long history of specialization and interaction with environment
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Panda, P. R., Dutt, N. D., & Nicolau, A. Memory issues in
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SoC programming: Evolution

O Auto-parallelization
O Formal model-based code /HW generation
O Higher-level programming abstractions

Nn X~ W >

PnTransformSdfToKpn(D, S);
PnTransformToArrayAccess(D, S);
CollectChannelAccessRanges(D, S);
PropagateChannelAccessRanges(D, S);
PnStreamFactory streamFactory(BasePath);
switch (transTarget) {
case TransMVP:
PnTransformTemplatelnstantiate(D, S);
ErasePnProcessTemplates(D);
PnPrintForMVP(D, S);
break;

case TransPthread:
PnTransformPthreads(D, S, traces);
ErasePnDefs(D);
break;

case TransSystemC:
PrintForSystemC(D, S, traces, streamFactory);
ErasePnDefs(D);
break;

case TransVPUtg:
PrintForVPUtg(D, S, streamFactory);
ErasePnDefs(D);
break;

case TransVPUmap:
PrintForVPUmap(D, S, strMappingFileName, streamFactory);
ErasePnDefs(D);
break;

case TransInvalid:
assert(false);
break;

Application Architecture

5 © Prof. J. Castrillon. MCSoC. Singapore, 2019
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placeholder((m,h), name='A")
placeholder
redu&guai§s( ,Iakil%@me:'k')
compute((m, k™1 lambda i, j:
sum(A[k, i] * B[k, j], axis=k))

h), name="'B")
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Keep it sequential

PnTransformSdfToKpn(D, S);
PnTransformToArrayAccess(D, S);
CollectChannelAccessRanges(D, S);
PropagateChannelAccessRanges(D, S);
PnStreamFactory streamFactory(BasePath);
switch (transTarget) {
case TransMVP:
PnTransformTemplatelnstantiate(D, S);
ErasePnProcessTemplates(D);
PnPrintForMVP(D, S);
break;

case TransPthread:
PnTransformPthreads(D, S, traces);
ErasePnDefs(D);
break;

case TransSystemC:

PrintForSystemC(D, S, traces, streamFactory);
ErasePnDefs(D);
break;

case TransVPUtg:

PrintForVPUtg(D, S, streamFactory);
ErasePnDefs(D);
break;

case TransVPUmap:

PrintForVPUmap(D, S, strMappingFileName, streamFactory);
ErasePnDefs(D);
break;

case TransInvalid:
assert(false);
break;

© Prof. J. Castrillon. MCSoC. Singapore, 2019



EEEEEEEEE
NNNNNN

Sounds easy

Sequential
code -

Compiler

Parallel code
- (OpenMP, Pthreads,...)

Theorem (Allen/Kennedy): Any reordering transformation that preserves
every dependence in a program preserves the meaning of that program

.-- = CHAIRFOR
© Prof. J. Castrillon. MCSoC. Singapore, 2019 CONSTRUCTION
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Problems for auto-parallelizing compilers

1) Find all dependencies? More often than 2) Coding style and the illusion

not, impossible! o
of infinite shared memory

for (i = 1; 1 <= 100; i++)
for (jJ = 1; j <= 100; j++) {
S1: X[1]1[3] = X[1]1[3J] + Y[1-1]11[3];
S2: Y[l][J] = Y[1][J] + X[1i][J-11~ —_—

1 AL = .
$es '

l Example: Polyhedral

./././ compilation
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Problems for auto-parallelizing compilers (2)

1) Find all dependencies?

2) Coding style and the illusion
of infinite shared memory

3) Dependencies can
sometimes be violated!
(they are artifacts of style)

© Prof. J. Castrillon. MCSoC. Singapore, 2019
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while (! queue.empty())

{

// Dequeue a vertex from queue
s = queue.front();

queue .pop_front();

// Apply function f to s, accumulate values
result += f(s);

// Get all adjacent vertices of s.
// If an adjacent node hasn't been visited,
// then mark it as visited and enqueue it

for(i=adj[s].begin(); il=adjls].end(); ++i)
{
if(lvisited[*i])
{
visited[*i] = true;
queue .push_back (xi);
}
}
¥
return result;
u .CHAIRFOR
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Dynamic information for auto-parallelization 7

O Static analysis: Limited applicability (cf. Polyhedral compilation)
O Dynamic analysis: Extract dependencies based on application tracing

0 Summarize information in form weighted control-data flow graphs

int A[10]; BB,
int foo() { int A[10]; return A[5];} l:s:0:enter:main:ex.bc 10:5, 3, 4
int main() { 2:2 11:m:27|r||g|A|8]|16

int s_= 0, i; BB, BB, 3fs:16:enter:foo:ex.bc 12:5, 3, 6

A[8] = foo(); 1 4:1 13:s:36:enter:foo:ex.bc

for (i = 0; i < 2; i++) { 5:m:5|r||1l|foo|1|A|8]|20 14:1

s += A[i1 * 4]; BBy 6:exit:foo:ex.bc 15:m:5|r||1|foo|2|Aa|8]|20

} 7:m:17|w||g|A]8]32 l6:exit:foo:ex.bc

A[2] = foo(); BBs BB 8:3, 4 17:m:1:]7|w|!g|A|8|8

return 0; 9:m:27|r||g|A|8]0 18:exit:main:ex.bc [DACOS,
¥ g 7 Springer14]

O Related approaches: Profile-driven and ML-based mapping, moumaviisos)
hierarchical task graphs, and Sambamba (siii2

[Cordes10]
10 © Prof. J. Castrillon. MCSoC. Singapore, 2019 W W o
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Parallelism extraction

O Clustering: Right granularity?  pacos)

O Identify patterns: data, task, pipeline, divide
Clnd Conquer, e [Leupers'19, Aguilar’'18]

O Requires

0 Cost model of computation

- Cost model of communication K//L % Ee—ae=—s
M 1

1 Abstract notion of time for

dependencies

.-‘.[_’= CHAIRFOR
11 © Prof. J. Castrillon. MCSoC. Singapore, 2019 B CONSTRUCTION
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Results from a decade of work

Step | Speedup | No. of PEs | Parallel Efficiency
1 3.61x 16 22.58% 2008
2 5.48x 17 32.3% . .
3 T T 3137 Exp.erlmen’ral multi-core from Tolfy.o
[manual | 9.43x | 19 | 19.6% | Institute of Technology (Prof. Isshiki)
Table 1: Summary of JPEG Encoder Parallelization
by MAPS
[DACO08]
6
20] 8 5 IlManualDDTool Flow
o 4 -
Polybench = ;
v
on real & 5
feren ™1 WRRRRNes
W S %8\ @ b\c% ;),6 O (\Ce g é. 6\ A% _\6 ) 51«6 &gF & 'a"oe'
P o 2 0\0&.\ g @ é@&:’o@‘\a 60‘% &&6 %e %66\ X \%co‘o o & AN &
o
[AgU”dl”] 8] . W cyarrFor
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Dataflow and hybrid DSE

Application Architecture

Op

tion

Results
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Dataflow programming

O Graph representation of applications
O Implicit repetitive execution of tasks
O Good model for streaming applications

0 Good match for signal processing & multi-media

O The why
O Explicit parallelism

a Often: Determinism
O Better analyzability (scheduling, mapping, optimization)

u B cparror
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Dataflow compilation

O Plenty of research on

d

a
a
a
a

Formal Models of Computation (MoCs)
Language, compiler and mapping algorithms
Hardware modeling, performance estimation
Runtime systems

Code generation for heterogeneous multicores

SILEXICA =z22.

[IEEE TII’'1 3, Springer14]

© Prof. J. Castrillon. MCSoC. Singapore, 2019
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Static vs dynamic models

O Large body of successful work on static models like synchronous dataflow

3 Schedule and bounds computable at

compile time!

for (;1 < x;i++) {
write(&c2

F1(...);] w0 wer o wgtethogd
e e) read(&cl); P T T T l l t
£2(...); g

read(&cl); wi® r{? witry rg? rgws’
’ b P T
>
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Avutomatic mapping to heterogeneous many-cores 7

d

U

Relative performance of mapping (to Genetic w/50 gen.)

Lots of research on fixed design-time mapping algorithms (e.g., using genetic

algorithms), e.g, Sesame, DOL [Erbas06, Thiele07]
We worked on trace-based heuristics [DAC'12]

~

nong

Genetic w/5 gen.

Genetic w/10 gen.
Genetic w/20 gen.
Genetic w/50 gen.

Genetic w/5 gen.

Genetic w/10 gen.
Genetic w/20 gen.
Genetic w/50 gen.
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: Multimedia apps
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[MCSOC’16]
%udio_ﬁke, mandelbrot matmult mijpeg audio_filter ~ mandelbrot matmult mjpeg
... = CHAIRFOR
. o - COMPILER
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Support for HW acceleration in SW-defined radio =
Q Application: MIMO OFDM receiver - $ o Library 1: SW
d Hardware implementations

2 Platform 1: Baseline software
0 Platform 2: Optimized software
3 Platform 3: Optimized SW + HW

Library 2: SW
- optimized

Achieved rate @ 100 MHz 1758241,75

| GOE-+06 . 8 Library 3:
~ 1, + 128000
- 7680 SW+HW accel.
2 1,00E+04
9o Custom Interconnect
‘g 1,00E+02
1,00E+00 . FFT
1) 2) 3)
bspl (sw, bsp2 (sw, bsp3 (hw)

unoptimized) optimized) [SDRTO, ALOG'T1]

u B cparror
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System dynamics: Hybrid mapping

B

LP
A
Smart \\

O Applications not so static anymore!

O Hybrid DSE: a compile and run-time approach S /Vsmmheanh
O Enable adaptivity: malleable, multi-variant
o . ore . . nfotainment ~Z_» ¢ -
O Run-time predictability, robustness & isolation system
Aerospace

EUF Canonical ~

: N ]
QTS Variant Variant
selection transform

Pareto hont

System load

System @runtime after mapping
load

EUF Pareto front
@ compile-time

J

u B cparror
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Data-level parallelism: Scalable and adaptive

O Change parallelism from the application specification
O Static code analysis to identify possible transformations (or via annotations)
O Implementation in FIFO library (semantics preserving)
O Similar to AdaPNet or parameterized SDFs [Schor'1 4, Desnos'1 3]
P12 P12
/ \ /‘ iy \
—> P2 —> P3 » —> P22 —> P3 or —> P32 —> P3
/ \ Changes \ / \ P49 /
Meta- @ runtime P32

information &
configurations

[PARMA-DITAM’1 8]
u [ CHAIRFOR

21 © Prof. J. Castrillon. MCSoC. Singapore, 2019 W W o




Exploiting symmetries

3 Intuition

O SW: Some tasks/processes/actors may do the same
O HW: Symmetric latencies (CoreX €= CoreY)

O Symmetry: Allows transformations w /o changing the
outcome

= No need to analyze all possible mappings
(prune search space)

= Work on formalization via inverse semi-groups and
efficient algorithms

H uE CHAIRFOR

22 © Prof. J. Castrillon. MCSoC. Singapore, 2019 W o o
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Flexible mappings: Generalized Tetris

System Status Canonical Mapping

Mapping ‘ =

configuration|

Application 1
Application 2
O Given multiple canonical configs by | Application 3

compiler, select one at run-time

O Exploit mapping equivalences and
similarities I

[SCOPES’17b] New System Status

... = CHAIRFOR
23 © Prof. J. Castrillon. MCSoC. Singapore, 2019 ' CONSTRUCTION
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Flexible mappings: Run-time analysis

18-

O Linux kernel: symmetry-aware

O Target: Odroid XU4 (big.LITTLE)

O Multi-application scenarios: audio filter (AF) and MIMO
O 1x AF
0 4 x AF

d 2 x AF + 2 x MIMO
d 3 mappings to two processors | - é

0 T1: Best CPU fime -
- T2: Best wall-clock time
1 T3: GBM heuristic paci2

=
@

CPU time [s]

1

[EnY
»

CFS  Dyn T1 T2 T3

|

Iy
»

©
1l
|

=
»
@

Energy [J]

WaIIL!ncIock time

,_\
N

|

>

Single AF | |
[SCOPES’17b] " cks ppn ™ T2 ™ CFS Dyn T1 T2 T3
24
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Flexible mappings: Multi-application results (1)

9.5- —
-WQO I * '230' —_—
'6' A (]
£8.5- [ S — g
= o —— +
. —_—_— 4
Ss.0- i — G 20-
Q 1 1 1 1 9
o i [&) ——
=75 ! —_
(U —
©
10-
= 7.0- ; '+-\-—‘—_,_——
6.5- — . : : : - -
CFS Dyn T1 T2 T3 AF MIMO
20.0

N
o

—17.5-

) , @,

] W ————
'*:%15.0- % i _— é - '

o ' R — D

O

12.5- %20' |
—— -
CFs Dyn T T2 £ 10- A MIMO
[SCOPES'17b]  jnstance 81882883634 Mode e CFS&DynsT1 8 T2&T3

25
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predictable
performance

Comparable
performance
to dynamic

mapping
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Robustness

O Static mappings, transformed or not, provide good predictability
O However: Many things out of control

O Application data, unexpected interrupts, unexpected OS decisions

Modified behavior
(correct?)

= Can we reason about robustness of mapping to external factors?

Mapping

configuration|

u B cparror
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Design centering

O Design centering: Find a mapping that can
better tolerate variations while staying
feasible

O Studied field, in e.g., biology, circuit design
or manufacturing systems.

O Currently | X,

design center in
feasible region

0 Using a bio-inspired algorithm
O Robust against OS changes to the mapping

[SCOPES’'174d]

2 .=..= CHAIRFOR
7 © Prof. J. Castrillon. MCSoC. Singapore, 2019 SN o



Evaluation

O Analyze how robust the center really is
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7

O Perturbate mappings and check how often the constraints are missed

0 Signal processing applications on clustered ARM manycore and NoC manycore (16)

X2
= 100
B8 80
/7]
wn
©
o
0 40
o
=
o
2 0
=

ARM SoC Architecture

60 |

0 20 40 60 80 100120 140 160 180200
Mapping ID

[SCOPES’17d]

29

100
80

60|

40
20

NoC Architecture

0 20 40 60 80 100120140160 180200
Mapping ID

© Prof. J. Castrillon. MCSoC. Singapore, 2019
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Evaluation

O Analyze how robust the center really is
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O Perturbate mappings and check how often the constraints are missed

0 Signal processing applications on clustered ARM manycore and NoC manycore (16)

o
[ = 100
3 80
a
& 60
@
7o) 40
(@)
= 20
Q.
= 0
=
[SCOPES'174a]

30

ARM SoC Architecture

b

&

Init

80
60
40
20

0 20 40 60 80 100120140 160180200

Mapping ID

NoC Architecture

-
pC™git_

0 20 40 60 80 100120140160180200
Mapping ID

© Prof. J. Castrillon. MCSoC. Singapore, 2019
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Ongoing work: Improve representations

U

CENTER FOR

cfaed i

Work on embeddings: Architectures = Real numbers
Novel mapping representations: faster heuristics & more efficient heuristics?
Example: T-SNE Visualization for mappings space (8 tasks on Odroid XU4)

120
30 ‘%"" cur | 30
o BVl
5 XX e 410 Al
" 20 e "‘b. S N 7 . 20
,«,Qﬂ' o fm A
K 3 ', , Sha B
10 ﬁ 3 ﬁ-,.:‘w‘ ,‘ G‘. ;\#% 10
80 Y xl 2'%(\ e “ P
‘_ . R ?‘ X)
o] kS e S A LA A I ¢
e A “'S' N 7y 4 -
60 .‘M % & ".“ e N
10 -;. YL N [l A% M S o " 10
'V RS
v ¢ \ }ﬁ‘ i .,I. 4
7 -20 & b 3% z é 20
0 L 2 e X ~
. .Y - 'é'
-30 o :7.‘(:‘ b s -30
" t [MCSoC'18]
30 20 10 0 10 20 30 30 -20 10 0 10 20 30

H uE CHAIRFOR
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Higher-level programming
abstractions

placeholder((m,h), name="A")

placeholder h), name='B")

reduc@iﬁﬁs% AkiB]}ame= k')

compute((m, kPl lambda i, j:
sum(A[k, i] * B[k, j], axis=k))

n ~ W
noou

© Prof. J. Castrillon. MCSoC. Singapore, 2019
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ML revolution: Frameworks and architectures ?

O Many existing frameworks, e.g., TVM,
Tensor Comprehensions, TensorFlow, ...

O Lots of traction in hardware architectures:
TPU, V100, ...

Frameworks ‘B O & e ‘ Q

Y
| Computational Graph

Section 3 High Level Graph Rewriting
i

l Optimized Computational Graph
J

Operator-level Optimization and Code Generation

. ‘ Declarative Hardware-Aware
Section 4 Tensor Expressions | Optimization Primitives

- po
Section 5 Machine Learning Based ‘

Automated Optimizer
2

| Optimized Low Level Loop Program |

Accslerator Backend | WMmIR || CUDAMetal/OpenCL ‘\

L
Deployable Module

Example flow: TVM  [Chen, OSDI"I 8]

u B cparror
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Domain-specific abstractions

O Commonality: Tensor expression languages

O Increase programmer’s productivity
O From compiler perspective: No abstraction toll

) Easier access to information

O Larger scope for optimization

var input A :
var input u :

v= A#AH#AH#u.
[[5 8] [3 7] [1 6]1])

ve = (A®A®A) u,

[RWDSL'1 8]

matrix
tensorIN

© Prof. J. Castrillon. MCSoC. Singapore, 2019
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for (unsigned i@ = ©; 10 < 1000; i0++) {
double té6[18];

C raed ADVANCING
ELECTRONICS
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for (unsigned i3 = @; i3 < 3; i3++) {

for (unsigned 12 = @; 12 < 3; 12++) {

for (unsigned i1 = @; il < 2; il++) {
t6[ (i1 + 2%(i2 + 3%(i3)))] = 0.9;
for (unsigned i4_contr = @; i4_contr < 3; i4_contr++) {
t6[ (11 + 2%(12 + 3%(13)))] += A[(i1 + 2x(i4_contr))]
* ul (12 + 3%(1i3 + 3x(i4_contr + 3%(i0))))]1;
}
}
¥
}
double t7[12);
for (unsigned i7 = @; 17 < 3; i7++) {
for (unsigned i6 = 8; 16 < 2; i6++) {
for (unsigned i5 = @; i5 < 2; i5++) {
t70(i5 + 2%(i6 + 2%(i7)))] = ©.9;
for (unsigned i8_contr = 8; i8_contr < 3; i8_contr++) {
t70(i5 + 2%(i6 + 2%(i7)))] += A[(i5 + 2%(i8_contr))]
* t6[ (16 + 2%(i7 + 3%(i8_contr)))];
}
}
¥
}
double t8[1);
double t9[1];
for (unsigned i1l = ©; 111 < 2; il11l++) {
for (unsigned 110 = ©; 110 < 2; 116++) {
for (unsigned 19 = 8 19 < 2; i9++) {
t9[e] = 9.9;
for (unsigned i12_contr = 9; i12_contr < 3; il2_contr++
) A
t9[0] += A[(19 + 2%(1i12_contr))] % t7((1i10 + 2%(i1l1 +
2%(112_contr)))];

¥

t8[@] = alphal®] % t9[8];

double ti1@([1];

t10[8] = betal®] % v[(19 + 2%(118 + 2%(ill + 2%(i8))))]

VI(i9 + 2%(i10 + 2%(i11 + 2%(i0))))] = t8[@] + t1e[e];
}
}
}
) - . CHAIRFOR
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Example: Interpolation operator 7
O Interpolation: v. =(A®A®A) u, &
20 " \ *
§ Y S T
—_— l’ ‘\ X e ,l ‘\ """
vl]k _— Z Akn . A]m . Ail . ulmn ! \ ;{*t\.. + ] \
] Duj 18 = ! 'Q‘ \ i '_..;)'Q\ \\-\-«r i ’Q"‘ \\‘
»m,n o ,l',.'} 2 x\ i /’,"V de o ,':'ff'"sz.\"‘\\f
O Three alternative orders (besides naive) e o i S, g‘i’l A \§
O oo, & - P SRS
_ bt P / g
El: Vijk = Z (Akn - (Ajm - (Ail - Uimn)) o A Pt
laman A“ a‘v’
v
0 | | | | | |
2 4 6 8 10 12
p+1
+-+ CFDlang(outer)

E2: Vijk = Z (Akn 'Ajm) - (A - ulmn)
ILm,n
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TeML: Results

O Extra control allows for new optimization (vs pluto): changing shapes

O General tensor semantics allows covering more benchmarks than TensorFlow
(a) mttkrp (b) bmm (c) sddmm
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Emerging technologies: Racetrack memories

O Predicted extreme density at low latency
3 3D nano-wires with magnetic domains
2 One port shared for many bits
O Domains move at high speeds (1000 ms-')

O Sequential: Game changer for current HW /SW stack 1 /.,;.i"x
O Memory management '

O Integration with other memory architectures (Parkin-Nature'1 5]

O Data layout and allocation

u B cparror
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Simulating RTMs a

O RTSim: Configurable racetrack simulator

3 Allows running software benchmarks

O Built on top of other simulator technology: NVMAIN 2, Gem5, System(, ...

Simulation

cyeles Shifts driver <
— x ¥
7 9 2 Address translator o
Q L O =
=, Trace = =3 2
S E| file 2N 2 &
oo = s s Requests -
2% S 5 scheduler | g Output
5 PGems =l & = stats
= 2 = S

-c-,% = Bank/SA state ©

Configuration manager

https://qithub.com/tud-ccc/RTSim

IEEE CAL’19
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Architecture and data layout optimization

O Architecture — software co-optimization
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ELECTRONICS
DRESDEN

O Embedded system for inference: RTM as scratchpad with pre-shifting and other

optimizations

Instruction memory

L A

A A

v, ,

Off-chip memory Scratch-pad
interface memory (RTM)

A A
e —— "]

4

Off-chip memory (DRAM)

— Data

Sub
array

Decoder

Pre-charger

--------- Control signals

Address space

[LCTES'19]
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Architecture and data layout optimization

O Data-layout: Reduce the number of shifts

compulsory shifts

R 7R Ve VR

compulsory shifts

4
-

- -

overhead shifts

A (Bank-0)

overhead shifts

B (Bank-1) C (Bank-2) ;

-
g RO ® o ROl © O oo g
= COO COI IB)
Z s R o
Q RI[ A o o A e e . {J
* * *° ° ° =
=
;é Rn-1 * d i An—ln 1 ® P Rn-1 ;
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[LCTES'19] DBC:n DBC:in+1 DBC:2n-1
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Latency comparison vs SRAM
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O Un-optimized and naive mapping: Even worse latency than SRAM

O 24% average improvement (even with very conservative circuit simulation)

”5 OSRAM ORTM-naive BERTM-opt ORTM-opt-ps - _ — — —
- _
<
- 15
N
g 1
o
0
4 8 16 32 64 128 256 512 1024 2048 Avg
Tensor size
[LCTES'19]
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Energy comparison vs SRAM

O Higher savings due to less leakage power

O 74% average improvement

O Shift Energy

O Read/Write Energy

OLeakage Energy
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Summary

O Past ten years of efforts to handle the ever increasing complexity of SoCs
2 Advances in auto-parallelization (polyhedral, dynamic analysis)
a Explicit parallel MoC-based programming models
0 Quest for more adaptivity but retaining time predictability

0 Higher-level abstractions: Example for tensor-based computations for accelerators

O Lots of challenges remain (thankfully)

0 Cost models and characterization of trade-offs (vs. blind searches)
O Understand impact of emerging technologies

O Syntax and semantics (for correctness): Lots of open questions

O Time-semantics in programming and execution environments
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