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Heterogeneous computing systems
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Heterogeneity: Cfaed Vision =

0 German Excellence Cluster: Goal — “to explore new technologies for electronic
information processing which overcome the limits of CMOS technology”

Biology to inspire solutions
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Heterogeneity: Example SiNW

O SiNW: Silicon Nanowires
O Multi-gate devices with less performance penalty
O Reconfigurable P /N functionality

O Possibilities

2 New micro architectures .
Q Q
 New pipeline structures — —
. . T L _1_ T
0 New field programmable devices <o T oo
a O -0 o
=] 1 1 I
é 3 [Trommerl5]
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Heterogeneity: Example chemical processing ?

i

0 Lab-on-Chips: for sensing, analysis and test

ina?
d Also for computing? Fundamentally different

2 Different kinds of transistors way of computation

O Oscillators and other components

[Voigt14]
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Heterogeneity: Example DNA origami

O DNA origami: Self-assembled 2D /3D
structures made of DNA strands

O Use structures to build advance electronic devices
O Example: Plasmonic waveguides

Courtesy: Thorsten Lars-Schmidt
https:/ /cfaed.tu-dresden.de /schmidt-home
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Consequence of heterogeneity

L1 ]| L1 Communication
A15|Al15| - support
L2 VLIW DSP |[|Ii[[ ]| | HW queues
Al15(A15
1] L1 1,12 Network
Processor
NoC
: Packet DMA
Peripherals

Already difficult to program them today, what about tomorrow?

Need for models and abstraction

.:..= CHAIRFOR
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Models: Introduction

a0 Von Neumann model makes things
complicated v 0

Control unit

O Sharing state

Inst. reg

2 Data races

Prog. counter

€

cfaed

Memory & | /O

\

—> Processing unit

o
ATVANC NE
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DRESDIN
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.3

Reg. file

ALU

Central Processing Unit (CPU)

i

O Task graphs: A simple parallel
programming model

O Intel TBB, .NET Task parallel library

(TPL), OpenMP Tasks, ...

2 Runtime and data management, e.g., oo
StarPU [Augonnet10]
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Directed acyclic task graphs

O Very well studied, see for example [Kwok?9]

O Difficult problem for heterogeneous systems

RISC

Interconnect

Processor
1 2
3 (4]
Time
Processor
1 3
2]) (a)
Time
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Dataflow models

Also a graph representation: Nodes & edges are called actors & channels
Implicit repetition, common in streaming, signhal processing applications
Communication: only through channels

Multiple flavors of models: Rules that determine when an actor fires

I Iy W N

A graph models multiple possible executions:

Processor

= =] =] =

=N IN] NS
w
'S

Time

cf. LabVIEW models
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Dataflow models (2)

Also a graph representation: Nodes & edges are called actors & channels
Implicit repetition, common in streaming, signhal processing applications
Communication: only through channels

Multiple flavors of models: Rules that determine when an actor fires

I Iy W N

A graph models multiple possible executions:

Processor

What now? Time
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Dataflow models (3)

O Synchronous Dataflow (SDF every actor has a fixed behavior

| a3 always writes 1 token to e4

O Cyclo-Static Dataflow (CSDF): every actor has a set of fixed behaviors

e?2

{1,0,0}

~al: writes 1 token, then O, then
O to e2

N

1 el 0,1,0}

0,2
{02} e3
- -
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Dynamic models and Kahn Process Networks

O Dynamic dataflow: set of firing rules per actor

Firing rules:
<l Ray1 = (e, #], )
il tn 2 — (-L [0]
Uz 3 = ([O] 'L
Ras2 = ([*,*, *])
i2 %

O Kahn processnetworks (KPN): nodes are now called processes

e4
p1: writes any amount of tokens

P ﬂ P2 to e2 at any time
e2 - ..
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Analysis and synthesis

Application

Architecture model

18

MEM L1]L1 I Communication
subsystem | [A15[A15 support
L2
DMAs, A15|A15
ez Network
}%S L1 LI LLL2 Processor
NoC
[ Peripherals |
Non-functional
specification

cf. Silexica’s tool flows
\/

Analysis

Synthesis

Code generation

Property models (timing,
energy, error, ...)
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PNargs_ifft r.ID = 6U;
PNargs_ifft r.PNchannel freq coef = f
PNargs_ifft r.PNnum_ freq coef = 0U;
PNargs ifft r.PNchannel time coef = s
PNargs:ifft:r.channel =_1; B
sink left = IPCllmrf open(3, 1, 1);
sink:right = IPCllmrE_openW, 1, 1);
PNargs_sink.ID = 7U;
PNargs sink.PNchannel in left = sink
PNargs:sink.PNnumfiniiefE= 0U; B
PNargs_sink.PNchannel in right = sink
PNargs_sink.PNnum in_right = 0U;
taskParams.arg0 = (xdc UArg) &PNargs_ s
taskParams.priority = 1;

ti sysbios knl Task create((ti sysbios kr
&taskParams, &eb);
glob proc cnt++;
hasProcess = 1;
taskParams.arg0 = (xdc_UArg) &PNargs_f
taskParams.priority = 1;

ti sysbios knl Task create((ti sysbios kr
ft Templ, &taskParams, &eb);
glob proc cnt++;
hasProcess = 1;
taskParams.arg0 = (xdc_UArg) &PNargs_i
taskParams.priority = 1;

ti sysbios knl Task create((ti sysbios kr
fft_Templ, &taskParams, &eb);
glob proc cnt++;
hasProcess = 1;
taskParams.arg0 = (xdc_UArg) &PNargs_s
taskParams.priority = 1;
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Example for SDFs

Synchronous Dataflow

(SDF) spec. Unfolded cycle "Blocked” DAG scheduling
3 -10
O Compute topology matrix, and solve system of equations I'= 8 Py _03
-2 0 1
O Solution: repetition vector serve to unroll the graph[1 3 2] Ir=0

O Perform mapping and scheduling on the resulting directed acyclic graph (DAG)
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Example for KPNs: Static & dynamic analysis

O Need to understand processinteractions

.........................................

' ¥ '
EPl [ read(&c0); je—:
e 1

Unrolled CFG for P,

=

' e~ A sagmTT 2
ELCe ) £2(...); : R4 L TEe) (T ET 1) ET)
|write(&c2);| |write(&cl);]]: R3 75 r“ 5 r” = N
Pv_%i § R| | 7 [Eiea)
e AIIIIIIIIIIIITTTIIIIIIIIIIIIIIIIIIIIIIIIL R1[E1 1] £1]52 1}
P } i1 Ps i v >
e T read(&c3);
read(&cl); ' ' £6(...); Unrolled CFG for P,
£3(...)s 11 |read(&c2); |[|i: read(&c3);
write(&c3); £5(...); x 7
f4(...); 1 [write(sca) ;] ;——4
write(&c3);[ i 7 ¥ v 1
0 N EE £7(...); R4 £6) £7) J(f7]f7)  [£7)
1’ i read(&c4); R3 f£5 T 5 ] f5
"""""""""""""""""""""""""""""""""""" R2| (E3 LFa) .7
R1 | E2EF1E1] 1) 0t
[Castrillon14] P
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KPN & DDF: Tracing C0ec

O Dynamic analysis based on execution traces [Castrillon10/13, Brunetl5, Singh15]

A

ihvvi hv .
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DAG representation for

A A A A further analysis and synthesis
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Models from functional specification

O Inspect functional specification of actors/processes (cf. 2" talk)

2 Instrumentation, emulation, cost models, ... ,

Processor model h
2 For timing, energy, errors, ... B
& +
O Example R
sqrt
Register Files (R,..R,) Jmp

[SAMOS14]

for (;i < x;i++) (

Performance

write(&c2); - i
( ); SSA-IR (LLVM) Lowering Scheduling T
fl( **e ) H } fptrx = getelementptr 132
read(scl); 1 7 lowd 21 ot s g
f2(...); %z = add %x, Wy > m: I .I

read(&cl);

Profiling: Execution counts, branch stats

. . CHAIR F
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Models based on algorithmic descriptions

O When functional specification is not meant for synthesis

0 Common/required in heterogeneous systems (special components)
O Need to match algorithms to hardware components [Castrillon10b, Castrillon1 1]

Algorlth hbrary N Plain COde Mrazeter sase~"bitwidih"><value>32.0</value></paraseter>
. parameter name ';-31:!5‘>('u1uos 181732 64 128 206" /></parameter>
|:| - X roperty nase~"lateacy"><function>16epoints+*100</functicar</property>
“. . nput name=*fft_in" ><p-r >input</port>
|:| |:| ,Nl E N3 Plain code Ns DataType representation=*fixed ;-:un! format="Q31" DataWidth=*32* />
. Y “ <Interface type~"buffer _flag 10f2%>
|:| L . " <val name~"gize* val="8" /><val name~"stride* /> <val nane~"cat* 64t >
) <val oane-"fsize® val=*4" /></Interface>
L LA LT T ',' Interface type 'bu!!e:-!lng,2-452'>
Lo L. x ; - i <addr name»“addr"® j "in* mio»"0x04100000% max="Ox041F0000" gran~*8*
et Vo 74 S "‘\.‘ s1ze="8" stride~"fft_in__stride" cat="64"/>
: 7 Fro : Fiy Fay |ooeee- Fis H <addr naves*faddr® pool="in® miz="0x04100000" max~"0xOALFO000" gram=*4"
----------- plize""4" "1V /></Interfacer</in
e ) s | — — P
Fy Fsy | | F5,
g N — [ [ | — | — | —
re | [re| [ - - re; | [ P
N: Algorithmic actors
Platform model + characterization of special components F: Existing implementation in target platform
... : CHAIRFOR
. . . COMPILER
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Multiple-applications ?

0 Use traces and mappings to reason about platform sharing

B NN R
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Multiple-applications (2)

O Quickly discard “bad” multi-application configurations by observing the
platform utilization profiles

4 App. 1: Cfg. A 0 App. 2: Cfg. A 4 App. 1: Cfg. A 0 App. 2: Cfg. B
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Summary

O Need programming models (and HW /SW stacks) to handle heterogeneity
O Even more dramaticin the post-CMOS era

O Dataflow models
 Natural way to describe some applications
O Amenable to analysis and synthesis for parallel execution
0 Discuss different kinds of models and required analysis

O Need models of hardware for synthesis

27 © J. Castrillon. Dataflow programming. PACT Tutorial. Oct 2015
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