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Asynchronous Control Circuits — PTnet to MSFSM
Decomposition Flow

State Explosion Revisited

Implementation

State Space

Concurrent
Specification

« Logic Synthesis and Verification require specification’s full state space
- State space size is exponential compared to the specification
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Specification and Confluence
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Changes at the Concurrent Specification
Level Have Unpredictable Results at the State

Space
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PTnet Decomposability

Component #2
P=6
State Space=6 [j

Concurrent Specification Decomposition is Unpredictable as it is
Evaluated with Specification Metrics, e.g. number of places.
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Applications

Logic Synthesis
State Explosion HLS - VLSI Programming
Formal Verification

{ Slelslelile 1ol zslo 8le Complex Synthesis
State Space Flows

Confluence ) Digital Design

Logic Synthesis
HLS — VLSI Programming
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PTnet Operation
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PTnet Operation
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PTnet Operation
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Taxonomy of Control Model Expressiveness

S, =S.b+S,a
+8,.(a+b)
S;=Spa+8,.b’

S,=Syb + 8,2’
X =8§pa+8;

State Space Choice

Algebra Implicit
FSm Explicit
Inter. FSMs Implicit
PTNet Implicit

Implicit Implicit Implicit
Explicit Implicit Implicit
Explicit Explicit Implicit
Explicit Explicit Explicit
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Synchronous Control Model Implementation

Abstraction
Implementability

*FSM Composition and Decomposition (VIS)
+Input Don’t Cares and Permissible Behaviors(S1S)

«State Minimization (SIS)
*Encoding (NOVA, MUSTANG)

Boolean Logic

«2-Level Exact (Q. McCluskey Method) and Heuristic (Espresso)
«Multilevel Factoring, Extraction, etc. (SIS)
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Asynchronous Control Model

Implementation
-
ggmg;?y Syr\;rt::e‘;‘isz Decomposition* Direct Mapping?
« Conventional « Compact * Lower « Lower * Linear
FSM Heuristics Concurrent Synthesis Time Synthesis Time Synthesis Time
+ Exponential Specifications « Infeasible « Worst Case + Suboptimal
Concurrent « Exponential Implementation Exponential Results

Specifications

Synthesis Time

» Worst Case
Exponential

K. Y. Yun and D. L. Dill, “Automatic synthesis of extended burst-mode circuits”, |EEE TCAD, 1999

2J. Cortadella et al., “Logic Synthesis of Asynchronous Controllers and Interfaces”, Springer-Verlag, 2002.

3D. Sokolov et al., “Direct Mapping of Low-Latency Asynchronous Controllers from STGs”, IEEE TCAD, 2007

4D. Wist et al., “Signal transition graph decomposition: internal communication for speed independent circuit
implementation, IET Computers & Digital Techniques, 2011

SE. Pastor et al. “Structural Methods for the Synthesis of Speed-Independent Circuits“, IEEE TCAD, 1998
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Commonly used PTnet Implementation Flows

Direct Mapping*

* Linear Complexity
» Suboptimal Result

» Globally Optimal Result
» Exponential Complexity

°D. Sokolov, A. V. Bystrov, and A. Yakovlev, “Direct Mapping
of Low-Latency Asynchronous Controllers from STGs,” IEEE

TCAD, 2007.

*#J. Cortadella et al., Logic Synthesis of Asynch
Controllers and Interfaces. Springer-Verlag, 2002.
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Multiple Synchronised FSMs (MSFSMs) Model

» Novel Model for Concurrent Control Specifications
» Parallel Tasks Described with FSMs

» Synchronization explicitly described based on two primitives
» Transition Barriers, Wait States
» Polynomial Synthesis and Verification Paths

Synthesis

Polynomial Polynomial
¢ MSFSMs/ ¢
Polynomial - Polynomial>

Verification
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MSFSM Synchronisation Primitives

Wait State Transition Barrier

FSm1 FSM1 FSM2

[ sw/

£ s1/ [ 52/
[’ sd/

" Swn

*« FSM1 moves from S, to S,,
if FSM2 is at S,

{ s1.-/ { 82/

« FSM1 and FSM2 move to
their next states when both
t, and t, are activated
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MSFSMs Example — 4-phase Latch Controller
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MSFSMs Example — 4-phase Latch Controller
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PTNet State Graph (FSM)
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MSFSMs Example — 4-phase Latch Controller

—> Ri Ro—>

Ri/
€— A | Aoe— ! €/Ro

e/Ai Ao/

Ri’/ ¢/Ro’

eI %

FSMLHS FSMRHS
p 18 Asynchronous Control Circuit Design - L6  6/29/2015

6/15/2016



MSFSMs Example — 4-phase Latch Controller

—> Ri Ro—>
<€ Ai Ao €—

FSM, ys
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Synchronous Synthesis Flow

PTNet Synthesis Flow to Synchronous Circuit

PTNet Decomposition to FSMs

‘ | FSMs Synchronization ‘

PTNet Decomposition to S-Components Synchronization Synchronization
S-Components Transformation to FSMs Primitives Extraction Integration
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PTnet to S-Component Decomposition

» Step 1/4

sc,

PTNet to S-
Component
Decomposition

S-Component to
FSM Mapping

[ Synchronization

Primitive
Extraction

Synchronization
Integration
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PTnet to S-Component Decomposition

» Step |/4

a a
bé !‘C
:!z y

sc, SC,

PTNet to S-
Component
Decomposition

S-Component to
FSM Mapping

[ Synchronization

Primitive
Extraction

Synchronization
Integration
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PTnet to S-Component Decomposition

» Step 1/4

aI £
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PTNet to S-
Component
Decomposition

S-Component to
FSM Mapping

[ Synchronization

Primitive
Extraction

Synchronization
Integration
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PTnet to S-Component Decomposition

» Step |/4

ﬁ@&nl

SCover

i
é‘é

PTNet to S-
Component
Decomposition

S-Component to

FSM Mapping

[ Synchronization

Primitive
Extraction

Synchronization
Integration
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S-Component to FSM Mapping
» Step 2/4

a

PTNet to S-
Component
Decomposition

S-Component to
FSM Mapping

[ Synchronization
Primitive
x Extraction

Synchronization
Integration
SC,
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Synchronisation Primitive Extraction
» Step 3/4

( PTNet to S-
( Component
\ - Decomposition
b/ . al

S-Component to
FSM Mapping

[ Synchronization
/X ! Primitive
Extraction

Synchronization
Integration
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Synchronisation Integration

» Step 4/4
PTNet to S-
Component

Decomposition

S-Component to
FSM Mapping

[ Synchronization
Primitive
Extraction

f

Synchronization
Integration
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Resultant MSFSM Decomposition

ely-z

FSMs Synchronization
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Complexity Analysis

* PTNet to S-Component
2
O(PT+F?) I Decomposition

O(P?T?) « S-Component to FSM Mapping

Synchronization Primitive

O(P°T?) Extraction

O(P2T) + Synchronization Integration

O(P*T?)
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From MSFSMs to PTnets

| Interacting-FSMs

SCover PTNet
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MFEFSM-based Verification

Ro+

\

Ao2+ Aol+ Ro-
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i
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Ril- Ai-
Aol- Is the Concurrent System Deadlock-Free?
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MFSM-based Verification

Ri,/ Ri,/
elAo, /A0,
Riy/ Riy!/

elAiy’ i e/Ai,’ i

€/Ro’

s

Synchronization Points

Is the Concurrent System Deadlock-Free?

Dependent States

S1, S5
S10

S10

> 2

Asynchronous Control Circuit Design - L6  6/29/2015

6/15/2016

16



MFEFSM-based Verification

Ri,/ ! Ri,/ &/Ro,

elAo, /A0, Ail
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Synchronization Points

Dependent States

S1, S5
S10
S10
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MFSM-based Verification

Ri,/ Ri,/
Ao, &/Ao,
Ri,'/ Riy/
elAiy 1A,

The system is covered by 5 initially marked
minimal siphons.

€/Ro

Ail

e/Ro’

Ail
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MSFSM Optimisations

Horizontal and Vertical State Collapsing,
State Minimisation

Vertical Horizontal

FSM
FSM min

’512/
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Horizontal and Vertical State Collapsing,
State Minimisation

—
@
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FSM, ys
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Horizontal and Vertical State Collapsing,
State Minimisation

—> Ri Ro—>
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Horizontal and Vertical State Collapsing,
State Minimisation

—> Ri Ro—>
e Ai L Ao ¢ Ri-Ao’/Ai‘Ro-L
Ri’-Ao/Ai’*Ro’-L’
FSM,,;,
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The notion of MSFSM Cross(X)-Compatibles

« Two transitions are X-Compatible if they are concurrent and
mutually inclusive.

« t;and t,” are X-Compatible
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X-Compatible Extraction

s N

th,
\_  Fsm, /) (_Fsm,
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X-Compatible Minimisal
Dominator
Tree,
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X-Compatible Minimisation
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X-Compatible Minimisation
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X-Compatible Minimisation

e O\t

\_  Fsm, J FSM,
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X-Compatible Minimisation

a N\t [

\_  Fsm, J FSM,
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Results

Global State Space vs. MSFSM State Space
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Asynchronous Synthesis Synthetic
Benchmark

sync

=t | o]

» N Parallel Handshake Controllers
» M Sequential Controllers Per Pipeline
» Synchronized at the M stage

» Sync+ phase is a join, but Sync- is free (“loosely” synchronised)
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Area Analysis
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Execution Time

Petrify =—
Expose =--====:
Optimist ssseven

o

Pipelines
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Asynchronous Control Circuit Area

Benchmark Petrify Optimist Expose
alloc-outbound 66 258 30
c3 12 198 13
count2 Irresolvable CSC 302 178
dff 44 304 20
duplicator 93 228 111
full 44 264 102
half 43 198 148
monkey N/A 1148 181
rpdft 34 214 25
semi-decoupled 86 242 208
vbeba 132 732 237

b si
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Optimisation — Literal Count (LC)
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Optimisation — Logic Depth
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Future Work

» Logic Synthesis of Mixed Synchronous and Asynchronous
Circuits

» Unified flow for Concurrent Control

» Examine Concurrency / Area Trade-Off possible by
X-Compatible State/Segment Optimization

» Support more Asynchronous Timing Models
» Speed Independent (SI)

» State Encoding Requirements (Race-Free, Hazard-Free)
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